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SOLID-STATE SELECTION GUIDE 


This Selection Guide classifies RCA solid-state devices by 
category, by function, by material, and by performance 
level. This guide is particularly useful for an initial selec- 
tion of suitable devices for a specific application. Complete 
data on these devices are given in the technical data sheets 
included in the respective DATABOOKS (see Index to RCA 
Solid-State Devices at back of book). 


Germanium p-n-p 

Dissipations up to 30 W 
2N1183 2N2147 40051 
2N1183A 2N2148 40254 
2N1183B 2N2869/ 40421 
2N1184 2N301 40462 
2N1184A 2N2870/ 40612 
2N1184B 2N301A 40623 
2N1905 40022 40626 
2N1906 40050 
High-Voltage 

Germanium p-n-p 

2N3730 2N3732 40439 
2N3731 2N4346 40440 
Silicon n-p-n 

2N2016 2N3584 2N5240 
2N2102 2N3585 40346 
2N2405 2N3773 40349 
2N3263 2N3878  40349V1 
2N3264 2N3879 40349V2 
2N3265 2N4063 40366 
2N3266 2N4064 40373 
2N3439 2N4240 40374 
2N3440 2N4347 40375 
2N3441 2N4348 40385 
2N3442 2N5239 40390 
2N3583 


RADIO-FREQUENCY 


APPLICATIONS 

Small Signal 

MOS/FET Silicon N-Channel 
Single-Gate 

3N128 3N143 40467A 
3N138 3N152 40468A 
3N139 3N153 40559A 
3N142 3N154 

MOS/FET Silicon N-Channel 
Dual-Gate 

3N140 40601 40820 
3N141 40602 40821 
3N159 40603 40822 
3N187 40604 40823 
3N200 40673 40841 
40600 40819 

Silicon n-p-n 

ft to 700 MHz (Typ.) 

2N2102 2N2895 2N3053 
2N2270 2N2896 40084 
2N2405 2N2897 


APPLICATIONS 


Power 

Silicon n-p-n 

2N1491 2N5917 40294 
2N1492 2N5918 40305 
2N1493 2N5919 40306 
2N2631 2N5919A 40307 
2N2876 2N5920 40340 
2N3118 2N5921 40341 
2N3229 2N5992 40446 
2N3375 2N5993 40577 
2N3553 2N5994 40578 
2N3632  2N5995 40581 
2N3733 2N5996 40582 
2N3866 2N6093 40605 
2N4012 2N6105 40608 
2N4427 2N6265 40665 
2N4440 2N6266 40666 
-2N4932 4 #=2N6267 40836 
2N4933 2N6268 40837 
2N5016 2N6269 40893 
2N5070 40080 40898 
2N5071 40081 40899 
2N5090 40082 40909 
2N5102 40279 40934 
2N5108 40280 40935 
2N5470 40281 40936 
2N5913 40282 40939 
2N5914 40290 40940 
2N5915 40291 40941 
2N5916 40292 
COMPUTER SWITCHING 


Low Level, Medium-Speed 


Logic Switching 
Silicon n-p-n 

ft to 175 MHz (Min.) 
2N697 2N2895 
2N699 2N2896 
2N718A 2N2897 
2N720A 2N3053 
2N1613 2N3262 
2N1711 2N3263 
2N1893 2N3264 
2N2102 2N3265 
2N2270 2N3266 
2N2405 

Silicon p-n-p 

ft to 60 MHz (Min.) 
2N4036 2N5322 
2N4037 = 2N5323 
2N4314 


2N3878 
2N3879 
2N5202 
2N5320 
2N5321 
40084 
40375 
40389 
40392 


40391 
40394 


High-Speed Logic Switching 


Silicon n-p-n 
ft to 600 MHz (Min.) 


2N3119 


Transistors 2N3585 2N5495 40322 
2N3878 2N5496 40328 
AUDIO-FREQUENCY 2N3879 2N5497 40364 
APPLICATIONS 2N4240 2N6098 40369 
2N4347 2N6099 40513 
Small Signal—Class A 2N5034 2N6100 40514 
Silicon n-p-n 2N5035 2N6101 40542 
PPA! 2N5036 2N6102 40543 
Cee Peay 2N5037  2N6103 40613 
2N697 = 2N1711 2N2895 25239 ««-2NG260 40618 
2N699 = 2N1893 2N289G_ =s-2N5240 =. 2N6261 40621 
2N718A 2N2102 2N2897  9N5293 2N6263 40622 
2N720A 2N2270 2N3053 2N5294 2N6264 40624 
2N1613  2N2405 40084 2N5295 201 40627 
2N5296 
Power—Class A, AB, B 2N5297 703 40630 
Silicon n-p-n 2N5298 204 40631 
Dissipations up to 5 W 2N5490 205 40632 
2Ne97 2N2896 40360 © 2N5491 520 40633 
2N59D OP 2N2897" ap3zgr «= 2NSH82.. 521 eu 
2Nia7a 2N3053" 40366." 2NS48S” 4031S" 45191 
2N5494 40318 45192 
2N1480 40084 40367 
pile pre pie Dissipations from 100 W to 300 W 
2N1613 40314 40408 2N2015 2N4348 2N6257 
2N1700 40315 40539 2N2016 2N5575 2N6258 
2N1711 40317 40611 2N2338 2N5576 2N6259 
2N1893 40320 40616 2N3055 2N5577 2N6262 
2N2102 40321 40625 2N3265 2N5578 40251 
2N2270 40323 40628 2N3266 2N5579 40325 
2N2405 40326 40635 2N3442 2N5580 40363 
2N2895 40327 2N3771 2N6253 40411 
2N3772 2N6254 40636 
Dissipations from 5 W to 29 W 2N3773 
2N1483 40250 40349V1 Silicon p-n-p 
2N1484 40250V1 40349V2 Dissinati 10 W 
2N1485 40310 40368 prea seinen 
2N1486 40312 40372 2N4036 2N5416 40410 
2N1701 40316 40373 2N4037 40319 40537 
2N3054 40324 40374 2N4314 40362 40538 
2N3439 40346 40375 2N5322 40391 40595 
2N3440  40346V1 40389 2N5323 40394 = 40634 
2N3441  40346V2 40390 2N5415 40406 
2N4063 40347 40392 
2N4064 40347V1 40409 
fect ea the edt Dissipations from 10 W to 65 W 
2N5784  40348V1 40594 2N5781 2N6109 103 
2N5785 40348V2 2N5782 2N6110 104 
2N5786 40349 2N5783  2N6111 ~~ 105 
2N5954 2N6211 370 
Dissipations from 29 W to 100 W SNeaee S NESTE hat 
2N1487 2N1490 2N3264 2N6106 101 45194 
2N1488 2N1702 2N3583 2N6107 =102 45195 
2N1489 2N3263 2N3584 2N6108 


ft to 1200 MHz (Min.) 


2N918 2N3839 40894 
2N2857 =2N5109 40895 
2N3478 2N5179 40896 
2N3600 40294 40897 


High-Voltage Switching 
Silicon p-n-p 

ff to 600 MHz (Min.) 
2N5189 2N5262 


Chopper and Multiplex 


Service 


MOS/FET Silicon N-Channel 


Single-Gate 
3N138 


POWER SWITCHING 
Low Speed Switching 


3N153 


Silicon n-p-n 


Dissipations up to 8.75 W 


2N697 
2N699 
2N718A 
2N720A 
2N1479 
2N1480 
2N1481 
2N1482 
2N1613 
2N1700 
2N1711 
2N1893 
2N2102 
2N2270 
2N2405 
2N2895 
2N2896 
2N2897 


Dissipations from 8.75 W to 50 W- 


2N1483 
2N1484 
2N1485 
2N1486 
2N1701 
2N3054 
2N3439 
2N3440 
2N3441 
2N3583 
2N3584 
2N3585 
2N3878 
2N3879 
2N4063 
2N4064 
2N4240 
2N5293 
2N5294 
2N5295 
2N5296 


2N3053 
2N3262 
40250V1 
40309 
40311 
40314 
40315 
40317 
40320 
40321 
40323 
40326 
40327 
40346V1 
40347 
40347V1 
40348 
40348V1 


2N5297 


2N5298 - 


2N5490 
2N5491 
2N5492 
2N5493 
2N5494 
2N5495 
2N5496 
2N5497 
2N6098 
2N6099 
2N6100 
2N6101 
2N6102 
2N6103 
2N6288 
2N6289 
2N6290 
2N6291 


40349 
40349V1 
40360 
40361 
40366 
40367 
40372 
40374 
40375 
40385 
40389 
40390 
40392 
40407 
40408 
40409 
40412V1 


2N6292 
2N6293 
40250 
40310 
40312 
40313 
40316 
40318 
40322 
40324 
40328 
40346 
40346V2 
40347V2 
40348V2 
40349V2 
40364 
40368 
40412 
40412V2 


Dissipations from 50 W to 150 W 


2N1487 
2N1488 
2N1489 
2N1490 
2N1702 
2N2015 
2N2016 
2N2338 
2N3055 
2N3263 
2N3264 
2N3265 
2N3266 


2N3442 
2N3771 
2N3772 
2N3773 
2N4347 
2N4348 
2N5034 
2N5035 
2N5036 
2N5037 
2N5038 
2N5039 
2N5240 


2N5575 
2N5576 
2N5577 
2N5578 
2N5579 
2N5580 
2N5671 
2N5672 
2N6032 
2N6033 
2N6246 
2N6247 
2N6248 


40251 40363 40411 
40325 40369 

Silicon p-n-p 

Dissipations up to 40 W 
40319 40391 40406 
40362 40394 40410 


Germanium p-n-p 
Dissipations up to 30 W 


2N1183 2N1184 2N1905 
2N1183A 2N1184A 2N1906 
2N1183B 2N1184B 


High-Voltage Switching 
Silicon n-p-n 


Collector-to-E mitter Voltage to 
350 V (max.) 


2N3439 2N5840 40349V1 
2N3440 2N6077 40349V2 
2N3441 2N6078 40354 
2N3442 2N6079 40373 
2N3583 2N6175 40374 
2N3584 2N6176 40385 
2N3585 2N6177 40390 
2N3773 2N6249 40412 
2N4063  2N6250 40412V1 
2N4064 2N6251 40412V2 
2N4240 410 40850 
2N4347 §=411 40851 
2N4348 413 40852 
2N5239 423 40853 
2N5240 8431 40854 
2N5804 40346 40885 
2N5805  40346V1 40886 
2N5838  40346V2 40887 
2N5839 40349 

Silicon p-n-p 


Collector-to-E mitter Sustaining 
Voltage to —300 V (max.) 


2N5415 2N5416 


POWER HYBRID CIRCUITS 


Linear Amplifier 
HC1000 


Operational Amplifier 
HC2000 


Thyristors 


TRIACS 


Low-Voltage Operation, 50 & 
60 Hz 


2N5754 40534 40766 
40525 40684 40767 
40528 40693 40900 
40531 40696 


120-V Line Operation, 50 & 
60 Hz 


2N5441 40575 40717 
2N5444 §=40638 40719 
2N5567 40660 40721 
2N5569 40662 40725 
2N5571 + 40668 40727 
2N5573 40685 40729 
2N5755 40688 40731 
40429 40691 40733 
40431 40694 40761 
40485 40697 40799 
40502 40699 40802 
40509 40702 40805 
40511 40705 40901 
40526 40707 40916 
40529 40711 40919 
40532 40713 40922 
40535 40715 


240-V Line Operation, 50 & 
60 Hz 


2N5442 40661 40720 
2N5445 40663 40722 
2N5568 40664 40723 
2N5570 40667 40724 
2N5572 40669 40726 
2N5574 40686 40728 
2N5756 40689 40730 
40430 40692 40732 
40432 40695 40734 
40486 40698 40762 
40503 40700 40800 
40510 40703 40803 
40512 40706 40806 
40527 40708 40842 
40530 40712 40902 
40533 40714 40917 
40536 40716 40920 
40576 40718 40923 
40639 


High-Voltage Operation, 50 & 
60 Hz 


2N5443 =40704 40804 
2N5446 40709 40807 
2N5757 = 40710 40918 
40671 40795 40921 
40672 40796 40924 
40687 40797 40925 
40690 40798 40926 
40701 40801 40927 


400-Hz Service, VpRom = 200 V 


40769 40779 40787 
40771 40781 40789 
40773 40783 40791 
40775 40785 40793 
40777 


400-Hz Service, VpRom = 400 V 


40770 40780 40788 
40772 40782 40790 
40774 40784 40792 
40776 40786 40794 
40778 


Silicon Controlled Rectifiers 
Low-Voltage Operation, 50 & 


60 Hz 


2N681 
2N682 
2N683 
2N684 
2N1842A 
2N1843A 
2N1844A 
2N1845A 
2N3650 
2N3668 


120-V Line 
60 Hz 


2N685 


2N1846A 
2N3228 
2N3528 
2N3651 
2N3669 
2N3871 
2N3897 
106B 


240-V Line 
60 Hz 


2N688 
2N1849A 
2N3525 
2N3529 
2N3653 
2N3670 
2N3872 
2N3898 
106C 


2N3870 40680 
2N3897 40737 
106A 40741 
106F 40745 
1060 40749 
106Y 40753 
107A 40757 
107F 40810 
1070 40867 
107Y 

Operation 50 & 
107B 40738 
40378 40742 
40504 40746 
40507 40750 
40553 40754 
40654 40758 
40656 40811 
40658 40868 
40681 

Operation, 50 & 
107C 40739 
40379 40743 
40505 40747 
40508 40751 
40554 40755 
40655 40759 
40657 40812 
40659 40869 
40682 


High-Voltage Operation 50 & 
60 Hz 


2N686 106E 
2N687 106M 
2N689 107D 
2N690 107E 
2N1847A 107M 
2N1848A 40216 
2N1850A 40506 
2N3652 40555 
2N3873 40640 
2N4101 40641 
2N4102 40683 
2N4103 40735 
106D 40740 
TV Deflection Circuits 
40888 40889 
Rectifiers 


40744 
40748 
40752 
40756 
40760 
40768 
40813 
40833 
40834 
40835 
40937 
40938 


Silicon Rectifiers—Low Power 


IF(AV) to 2A 
1N440B 1N444B 
1N441B 1N445B 
1N442B 1N536 
1N443B 1N537 


1N538 
1N539 
1N540 
1N547 
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IF(AV) to 2A (cont'd) 


1N1095 1N3256 1N5395 
1N1763A 1N3563  1N5396 
1N1764A 1N3754 1N5397 
1N2858A 1N3755 1N5398 
1N2859A 1N3756 1N5399 
IN2860A 1N5211 40266 
IN2861A 1N5212 40267 
1N2862A 1N5213 40642 
IN2863A 1N5214 40643 
1N2864A 1N5215 40644 
1N3193  1N5216 44001 
1N3194 1N5217 44002 
1N3195 1N5218 44003 
1N3196 1N5391 44004 
1N3253 1N5392 44005 
1N3254 1N5393 44006 
1N3255 1N5394 44007 


Silicon Rectifiers—High Power 
IF(AV) 12 Ato 40A 


1N248C = =1N1203A 
IN249C 1N1204A 
IN250C 1N1205A 
1N1183A 1N1206A 
1N1184A 1N1341B 
1N1186A 1N1342B 
1N1187A 1N1344B 
1N1188A 1N1345B 
1N1189A 1N1346B 
1N1190A 1N1347B 
1N1195A 1N1348B 
IN1196A 1N1612 
1N1197A 1N1613 
1N1198A 1N1614 
1N1199A 1N1615 
1N1200A 1N1616 
1N1202A 40108 


40109 
40110 
40111 
40112 
40113 
40114 
40115 
40208 
40209 
40210 
40211 
40212 
40213 
40214 


RCA Military-Specification Types 


High-Voltage 
Rectifier Assemblies 
CR101 R280 R323 °#®£4‘TYPE 
CR102 CR301 CR324 ‘ 
CR103. CR302. CR325 Transistors 
CR104 CR303 CR331 JAN-2N384 
CR105 CR304 CR332 JAN-2N388 
CR106 CR305 CR333 JAN-2N398 
CR107 CR306 CR334 JAN-2N398A 
CR108 CR307 CR335 JAN-2N404 
CR109 CR311 CR341 JAN-2N404A 
CR110 CR312 CR342 JAN-2N918 
CR201 CR313 CR343 JAN-2N1183 
CR203 CR314 CR344 JAN-2N1183A 
CR204 CR315 CR351 JAN-2N1183B 
CR206 CR316 CR352 JAN-2N1184 
CR208 CR317 CR353 JAN-2N1184A 
CR210 CR321 CR354 JAN-2N1184B 
CR212 CR322 JAN-2N1224 
JAN-2N1225 
High-Voltage Replacement Types JAN-2N1302 
GA273/)~ CRI7Af 9 CR275/ 1). SAN-ZN 1903 
s008 <  e7zAveiwecgas | JAN-2N ISOS 
3B28 JAN-2N2305 
JAN-2N1306 
JAN-2N1307 
Controlled-Avalanche Types JAN-2N1308 
40808 40809 JAN-2N1309 
JAN-2N1479 
TV Types JAN-2N1480 
40890 40891 40892 JAN-2N1481 
JAN-2N 1482 
DIACS JAN-2N1483 
ARO P JAN-TX2N1483 
For Triggering Triacs JAN-2N1484 
1N5411 40583 JAN-TX2N 1484 
JAN-2N1485 
JAN-TX2N1485 
Diodes JAN-2N1486 
: JAN-TX2N 1486 
Compensating YAN-2N1487 


40428 


MIL-S-19500/ TYPE MIL-S-19500/ 
27 JAN-2N 1488 208 
65 JAN-2N1489 208 
174 JAN-2N1490 208 
174 JAN-2N1493 247 

20 JAN-2N2015 248 

20 JAN-2N2016 248 
301 JAN-2N2857 343 
143 JAN-TX2N2857 343 
143 JAN-2N3055 407 
143 JAN-TX2N3055 407 
143 JAN-2N3375 341 
143 JAN-TX2N3375 341 
143 JAN-2N3439 368 
189 JAN-TX2N3439 368 
189 JAN-2N3440 368 
126 JAN-TX2N3440 368 
126 JAN-2N3441 369 
126 JAN-2N3442 370 
126 JAN-2N3553 341 
126 JAN-TX2N3553 341 
126 JAN-2N3584 384 
126 JAN-TX2N3584 384 
126 JAN-2N3585 384 
207 JAN-TX2N3585 384 
207 JAN-2N3771 413 
207 JAN-TX2N3771 413 
207 JAN-2N3772 413 
180 JAN-TX2N3772 413 
180 JAN-2N3866 398 
180 JAN-TX2N3866 398 
180 JAN-2N4440 341 
180 JAN-TX2N4440 341 
180 JAN-2N5038 439 
180 JAN-TX2N5038 439 
180 JAN-2N5039 439 
208 JAN-TX2N5039 439 


Copies of specification sheets may be obtained by directing requests to 
Department of the Navy, Naval Publications and Forms Center, 
5801 Tabor Avenue, Philadelphia, Pa. 19120 
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COS/MOS Digital Integrated Circuits 


GATES 


NOR (Positive-Logic) 
Dual 3-Input Plus Inverter 


CD4000AD CD4000AE CD4000AK 
Quad 2-Input 

CD4001AD CD4001AE CD4001AK 
Dual 4-Input 

CD4002AD CD4002AE CD4002AK 
Triple 3-Input 

CD4025AD CD4025AE CD4025AK 


NAND (Positive Logic) 


Quad 2-Input 


CD4011AD CD4011AE CD4011AK 
Dual 4-Input 

CD4012AD) = CD4012AE CD4012AK 
Triple 3-Input 

CD4023AD CD4023AE CD4023AK 
GATE ARRAYS 

AND-OR Select Quad 

CD4019AD CD4019AE CD4019AK 


Exclusive-OR Quad 


CD4030AD CD4030AE CD4030AK 


GENERAL PURPOSE 


Complementary Pair Dual Plus 
Inverter 


CD4007AD CD4007AE CD4007AK 


HEX BUFFERS LOGIC-LEVEL 
CONVERTERS 


Inverting 


CD4009AD CD4008AE CD4009AK 
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Non-Inverting 


CD4010AD CD4010AE CD4010AK 
DECODERS 

BDC-to Decimal 

CD4028AD CD4028AE CD4028AK 
MULTIPLEXERS 

Quad Bilateral Switch 

CD4016AD CD4016AE CD4016AK 
ARITHMETIC DEVICES 

Four-Bit Full Adder 

CD4008AD CD4008AE CD4008AK 
Triple Serial Adder 

Positive Logic 

CD4032AD CD4032AE CD4032AK 
Negative Logic 

CD4038AD CD4038AE CD4038AK 
FLIP FLOPS 


Dual ‘D’ Type with Set-Reset 


CD4013AD CD4013AE CD4013AK 
Dual J—K Master-Slave 

CD4027AD CD4027AE CD4027AK 
COUNTER/DIVIDERS 

7-Stage Binary Ripple Carry 

CD4004AD CD4004AT CD4024AK 
CD4004AE CD4024AD CD4024AT 
CD4004AK CD4024AE 


14-Stage Binary Ripple Carry 


CD4020AD CD4020AE CD4020AK 


Decade-10 Decoded Decimal Outputs 
CD4017AD CD4017AE CD4017AK 


Decade-7-Segment Display Outputs 


CD4026AD CD4026AK CD4033AE 
CD4026AE CD4033AD CD4033AK 
Octal-8-Decoded Outputs 

CD4022AD CD4022AE CD4022AK 


Divide-by-‘N’ Fixed or Programmable 


CD4018AD CD4018AE CD4018AK 
Pre-Settable Up/Down 
CD4029AD CD4029AE CD4029AK 


STATIC SHIFT REGISTERS 


18 Stage 


CD4006AD CD4006AE CD4006AK 


8-Stage Synchronous 
CD4014AD = CD4014AE 


8-Stage Asynchronous 


CD4021AD + CD4021AE 
Dual 4-Stage 
CD4015AD CD4015AE 


CD4014AK 


CD4021AK 


CD4015AK 


Linear Integrated Circuits 


FM, AM, AND AUDIO CIRCUITS 


Stereo Preamplifier 
CA3048 CA3052 


Stereo Multiplex Decoder 
CA30900 


IF Amplifier 

AM 

CA3088E CA3089E 
FM 

CA3011 CA3043 
CA3012 CA3075 


Wide-Band Amplifier 


CA3013 CA3041 
CA3014 

Limiter 

CA3013 CA3042 
CA3014 CA3043 
CA3041 

Detector 

AM 

CA3088E CA3089E 
FM 

CA3013 CA3041 
CA3014 CA3042 


AF Pre Amplifier 


CA3043 CA3088E 
CA3075 

Driver 

CA3041 CA3042 


TELEVISION CIRCUITS 


Video IF System 
CA3068 


Automatic Fine Tuning 
CA3044 CA3044V1 


CA3076 


CA3042 


CA3075 
CA3076 


CA3043 


CA3075 


CA3089E 


CA3043 


CA3064 


Remote Control 
CA3035 CA3035V1 


Chroma Demodulator 
CA3067 CA3072 


Chroma Signal Processors 
CA3066 CA3070 


Chroma Amplifier 


CA3066 CA3071 
Detector 
CA3044 CA3044V1 CA3064 


Zener Diode Voltage Regulator 
CA3064 


DC Amplifier 
CA3064 


Output Amplifier 
CA3044 CA3044V1 


IF Amplifier/Limiter, FM Detector, 
Electronic Attenuator, and Audio 
Driver 


CA3065 


OPERATIONAL AMPLIFIERS 


Micropower 
Single OTA 


CA3080 CA3080A 


Triple OTA Array 


CA3060AD CA3060D CA3060E 
CA3060BD 

Single Op Amp. 

CA3078AT  CA3078T 

High Current 

CA3033 CA3047 CA3047A 
CA3033A 

General Purpose 

CA3458T CA3747CE CA3747T 
CA3558T CA3747CT CA3748CT 
CA3741CT  CA3747E CA3748T 
CA3741T 

Wide-Band 

CA3008 CA3016 CA3030A 
CA3008A CA3016A CA3037 
CA3010 CA3029 CA3037A 
CA3010A CA3029A CA3038 
CA3015 CA3030 CA3038A 
CA3015A 


Premium Low Noise 
CA6741T 


HIGH-GAIN WIDE-BAND AMPLIFIERS 


Video (DC to 200 MHz) 
CA3040 


Low Power Video (DC to 40 MHz) 
CA3021 CA3022 CA3023 


Multi Purpose Power (DC to 8 MHz) 
CA3020 CA3020A 


DIFFERENTIAL AMPLIFIERS 


DC 
(to 30 MHz) 


CA3000 CA3000/2 CA3000/4 
CA3000/1 CA3000/3 


AF 
(to 3 kHz) 


CA30007 CA3008 


IF 
(to 15 MHz) 


CA3002 


RF 
(to 100 MHz) 


CA3004 CA3005 CA3006 


Video & Wide-Band 
(to 55 MHz) 


CA3001 CA3001/2 CA3001/4 
CA3001/1. CA3001/3 


Dual Darlington Connected 
(to 20 MHz) 


CA3050 CA3051 


Dual Independ. 
(to 500 MHz) 


CA3026 CA3049 CA3054 
Cascade 
(to 500 MHz) 


CA3028A CA3028B/2 CA3053 
CA3028B CA3028B/3 
CA30286/1 CA3028B/4 


POWER CONTROL CIRCUITS 


Thyristor Control 
CA3058 CA3059 CA3079 


Voltage Regulator 
CA3055 CA3085A CA3085B 
CA3085 


Optoelectronic 
CA3062 


ARRAYS 


2 Zener Diodes, 1 Diode, 3 Transistors 
CA3093E 


Matched Diode Types 
Individual 
CA3019 


Quad plus Two 
CA3039 


Transistor Types 
General Purpose N-P-N 


CA3081 CA3083 CA3183AE 
CA3082 CA3086 CA3183E 
General Purpose P-N-P 

CA3084 

ual Darlington Connected 

CA3036 CA3050 CA3051 


Darlington Connected Pair plus Two 
Individual 


CA3018 CA3118AT CA3118T 
CA3018A 


Differentially Connected Pair plus Three 
Individual 


CA3045 CA3146AE CA3146E 
CA3046 


Amplifier Types 
Dual Independent (Differential) 


CA3026 CA3049 CA3054 
Three-Ampl. 

CA3035 CA3035V1 

Four-Ampl. 

CA3048 


SPECIAL PURPOSE 


Sense Amplifier 
CA3541D 


Four-Quadrant Multiplier 
CA3091D 
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NGAI 


Solid State 
Division 


Linear Integrated Circuits 


Application Note 
1CE-402 


Operating Considerations for 
RCA Solid State Devices 


Solid state devices are being designed into an increasing 
variety of electronic equipment because of their high 
standards of reliability and performance. However, it is 
essential that equipment designers be mindful of good 
engineering practices in the use of these devices to achieve 
the desired performance. 

This Note summarizes important operating recommen- 
dations and precautions which should be followed in the 
interest of maintaining the high standards of performance of 
solid state devices. 

The ratings included in RCA Solid State Devices data 
bulletins are based on the Absolute Maximum Rating 
System, which is defined by the following Industry Standard 
(JEDEC) statement: 

Absolute-Maximum Ratings are limiting values of opera- 
ting and environmental conditions applicable to any electron 
device of a specified type as defined by its published data, 
and should not be exceeded under the worst probable 
conditions. 

The device manufacturer chooses these values to provide 
acceptable serviceability of the device, taking no responsi- 
bility for equipment variations, environmental variations, and 
the effects of changes in operating conditions due to 
variations in device characteristics. 

The equipment manufacturer should design so that 
initially and throughout life no absolute-maximum value for 
the intended service is exceeded with any device under the 
worst probable operating conditions with respect to supply- 
voltage variation, equipment component variation, equip- 
ment control adjustment, load variation, signal variation, 
environmental conditions, and variations in device charac- 
teristics. 

It is recommended that equipment manufacturers consult 
RCA whenever device applications involve unusual electrical, 
mechanical or environmental operating conditions. 


GENERAL CONSIDERATIONS 

The design flexibility provided by these devices makes 
possible their use in a broad range of applications and under 
many different operating conditions. When incorporating 
these devices in equipment, therefore, designers should 
anticipate the rare possibility of device failure and make 
certain that no safety hazard would result from such an 
occurrence. 

The small size of most solid state products provides 
obvious advantages to the designers of electronic equipment. 
However, it should be recognized that these compact devices 


usually provide only relatively small insulation area between 
adjacent leads and the metal envelope. When these devices 
are used in moist or contaminated atmospheres, therefore, 
supplemental protection must be provided to prevent the 
development of electrical conductive paths across the 
relatively small insulating surfaces. For specific information 
on voltage creepage, the user should consult references such 
as the JEDEC Standard No. 7 “Suggested Standard on 
Thyristors,’ and JEDEC Standard RS282 “Standards for 
Silicon Rectifier Diodes and Stacks”’. 

The metal shells of some solid state devices operate at the 
collector voltage and for some rectifiers and thyristors at the 
anode voltage. Therefore, consideration should be given to 
the possibility of shock hazard if the shells are to operate at 
voltages appreciably above or below ground potential. In 
general, in any application in which devices are operated at 
voltages which may be dangerous to personnel, suitable 
precautionary measures should be taken to prevent direct 
contact with these devices. 

Devices should not be connected into or disconnected 
from circuits with the power on because high transient 
voltages may cause permanent damage to the devices. 


TRANSISTORS WITH FLEXIBLE LEADS 

Flexible leads are usually soldered to the circuit 
elements. It is desirable in all soldering operations to provide 
some slack or an expansion elbow in each lead, to prevent 
excessive tension on the leads. It is important during the 
soldering operation to avoid excessive heat in order to 
prevent possible damage to the devices. Some of the heat can 
be absorbed if the flexible lead of the device is grasped 
between the case and the soldering point with a pair of pliers. 


TRANSISTORS WITH MOUNTING FLANGES 

The mounting flanges of JEDEC-type packages such as 
the TO-3 or TO-66 often serve as the collector or anode 
terminal. In such cases, it is essential that the mounting 
flange be securely fastened to the heat sink, which may be 
the equipment chassis. UNDER NO CIRCUMSTANCES, 
HOWEVER, SHOULD THE MOUNTING FLANGE BE 
SOLDERED DIRECTLY TO THE HEAT SINK OR 
CHASSIS BECAUSE THE HEAT OF THE SOLDERING 
OPERATION COULD PERMANENTLY DAMAGE THE 
DEVICE. 

Such devices can be installed in commercially available 
sockets. Electrical connections may also be made by 
soldering directly to the terminal pins. Such connections may 


be soldered to the pins close to the pin seals provided care is 
taken to conduct excessive heat away from the seals; 
otherwise the heat of the soldering operation could crack the 
pin seals and damage the device. 

During operation, the mounting-flange temperature is 
higher than the ambient temperature by an amount which 
depends on the heat sink used. The heat sink must have 
sufficient thermal capacity to assure that the heat dissipated 
in the heat sink itself does not raise the device mounting- 
flange temperature above the rated value. The heat sink or 
chassis may be connected to either the positive or negative 
supply. 

In many applications the chassis is connected to the 
voltage-supply terminal. If the recommended mounting 
hardware shown in the data bulletin for the specific 
solid-state device is not available, it is necessary to use either 
an anodized aluminum insulator having high thermal con- 
ductivity or a mica insulator between the mounting-flange 
and the chassis. If an insulating aluminum washer is required, 
it should be drilled or punched to provide the two mounting 
holes for the terminal pins. The burrs should then be 
removed from the washer and the washer anodized. To insure 
that the anodized insulating layer is not destroyed during 
mounting, it is necessary to remove the burrs from the holes 
in the chassis. 

It is also important that an insulating bushing, such as 
glass-filled nylon, be used between each mounting bolt and 
the chassis to prevent a short circuit. However, the insulating 
bushing should not exhibit shrinkage or softening under the 
operating temperatures encountered. Otherwise the thermal 
resistance at the interface between transistor and heat sink 
may increase as a result of decreasing pressure. 


PLASTIC POWER TRANSISTORS AND THYRISTORS 

RCA power transistors and thyristors (SCR’s and triacs) 
in molded-silicone-plastic packages are available in a wide 
range of power-dissipation ratings and a variety of package 
configurations. The following paragraphs provide guidelines 
for handling and mounting of these plastic-package devices, 
recommend forming of leads to meet specific mounting 
requirements, and describe various mounting arrangements, 
thermal considerations, and cleaning methods. This informa- 
tion is intended to augment the data on electrical character- 
istics, safe operating area, and performance capabilities in the 
technical bulletin for each type of plastic-package transistor 
or thyristor. 


Lead-Forming Techniques 

The leads of the RCA VERSAWATT in-line plastic 
packages can be formed to a custom shape, provided they are 
not indiscriminately twisted or bent. Although these leads 
can be formed, they are not flexible in the general sense, nor 
are they sufficiently rigid for unrestrained wire wrapping 

Before an attempt is made to form the leads of an in-line 
package to meet the requirements of a specific application, 
the desired lead configuration should be determined, and a 
lead-bending fixture should be designed and constructed. The 
use of a properly designed fixture for this operation 
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eliminates the need for repeated lead bending. When the use 
of a special bending fixture is not practical, a pair of 
long-nosed pliers may be used. The pliers should hold the 
lead firmly between the bending point and the case, but 
should not touch the case. 

When the leads of an in-line plastic package are to be 
formed, whether by use of long-nosed pliers or a special 
bending fixture, the following precautions must be observed 
to avoid internal damage to the device: 


1. Restrain the lead between the bending point and the 
plastic case to prevent relative movement between the 
lead and the case. 

2. When the bend is made in the plane of the lead 
(spreading), bend only the narrow part of the lead. 

3. When the bend is made in the plane perpendicular to that 
of the leads, make the bend at least 1/8 inch from the 
plastic case. 

4. Do not use a lead-bend radius of less than 1/16 inch. 

5. Avoid repeated bending of leads. 


The leads of the TO-220AB VERSAWATT in-line 
package are not designed to withstand excessive axial pull. 
Force in this direction greater than 4 pounds may result in 
permanent damage to the device. If the mounting arrange- 
ment tends to impose axial stress on the leads, some method 
of strain relief should be devised. 


Wire wrapping of the leads is permissible, provided that 
the lead is restrained between the plastic case and the point 
of the wrapping. Soldering to the leads is also allowed. The 
maximum soldering temperature, however, must not exceed 
275°C and must be applied for not more than 5 seconds at a 
distance not less than 1/8 inch from the plastic case. When 
wires are used for connections, care should be exercised to 
assure that movement of the wire does not cause movement 
of the lead at the lead-to-plastic junctions. 


The leads of RCA molded-plastic high-power packages 
are not designed to be reshaped. However, simple bending of 
the leads is permitted to change them from a standard 
vertical to a standard horizontal configuration, or conversely. 
Bending of the leads in this manner is restricted to three 
90-degree bends; repeated bendings should be avoided. 


Mounting 

Recommended mounting arrangements and suggested 
hardware for the VERSAWATT transistors are given in the 
data bulletins for specific devices and in RCA Application 
Note AN-4124. When the transistor is fastened to a heat sink, 
a rectangular washer (RCA Part No. NR231A) is recom- 
mended to minimize distortion of the mounting flange. 
Excessive distortion of the flange could cause damage to the 
transistor. The washer is particularly important when the size 
of the mounting hole exceeds 0.140 inch (6-32 clearance), 
Larger holes are needed to accommodate insulating bushings; 
however, the holes should not be larger than necessary to 
provide hardware clearance and, in any case, should not 
exceed a diameter of 0.250 inch. 

Flange distortion is also possible if excessive torque is 
used during mounting. A maximum torque of 8 inch-pounds 
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is specified. Care should be exercised to assure that the tool 
used to drive the mounting screw never comes in contact 
with the plastic body during the driving operation. Such 
contact can result in damage to the plastic body and internal 
device connections. An excellent method of avoiding this 
problem is to use a spacer or combination spacer-isolating 
bushing which raises the screw head or nut above the top 
surface of the plastic body. The material used for such a 
spacer or spacer-isolating bushing should, of course, be 
carefully selected to avoid “cold flow” and consequent 
reduction in mounting force. Suggested materials for these 
bushings are diallphtalate, fiberglass-filled nylon, or fiber- 
glass-filled polycarbonate. Unfilled nylon should be avoided. 

Modification of the flange can also result in flange 
distortion and should not be attempted. The transistor 
should not be soldered to the heat sink by use of lead-tin 
solder because the heat required with this type of solder will 
cause the junction temperature of the transistor to become 
excessively high. 

The TO-220AA plastic transistor can be mounted in 
commercially available TO-66 sockets, such as UID Elec- 
tronics Corp. Socket No. PTS4 or equivalent. For testing 
purposes, the TO-220AB in-line package can be mounted in a 
Jetron Socket No. CD74-104 or equivalent. Regardless of the 
mounting method, the following precautions should be 
taken: 


1. Use appropriate hardware. 

2. Always fasten the transistor to the heat sink before the 
leads are soldered to fixed terminals. 

3. Never allow the mounting tool to come in contact with 
the plastic case. 

4. Never exceed a torque of 8 inch-pounds. 

5. Avoid oversize mounting holes. 

6. Provide strain relief if there is any probability that axial 
stress will be applied to the leads. 

7. Use insulating bushings to prevent hot-creep problems. 
Such bushings should be made of diallphthalate, fiber- 
glass-filled nylon, or fiberglass-filled polycarbonate. 


The maximum allowable power dissipation in a solid 
state device is limited by the junction temperature. An 
important factor in assuring that the junction temperature 
remains below the specified maximum value is the ability of 
the associated thermal circuit to conduct heat away from the 
device. 

When a solid state device is operated in free air, without a 
heat sink, the steady-state thermal circuit is defined by the 
junction-to-free-air thermal resistance given in the published 
data for the device. Thermal considerations require that a 
free flow of air around the device is always present and that 
the power dissipation be maintained below the level which 
would cause the junction temperature to rise above the 
maximum rating. However, when the device is mounted on a 
heat sink, care must be taken to assure that all portions of 
the thermal circuit are considered. 

To assure efficient heat transfer from case to heat sink 
when mounting RCA _ molded-plastic solid state power 
devices, the following special precautions should be ob- 
served: 


1, Mounting torque should be between 4 and 8 inch- 
pounds. 

2. The mounting holes should be kept as small as possible. 

3. Holes should be drilled or punched clean with no burrs or 
ridges, and chamfered to a maximum radius of 0.010 
inch, 

4. The mounting surface should be flat within 0.002 
inch/inch. 

5. Thermal grease (Dow Corning 340 or equivalent) should 
always be used on both sides of the insulating washer if 
one is employed. 

6. Thin insulating washers should be used. (Thickness of 
factory-supplied mica washers range from 2 to 4 mils). 

7. A lock washer or torque washer, made of material having 
sufficient creep strength, should be used to prevent 
degradation of heat sink efficiency during life. 


A wide variety of solvents is available for degreasing and 
flux removal. The usual practice is te submerge components 
in a solvent bath for a specified time. However, from a 
reliability stand point it is extremely important that the 
solvent, together with other chemicals in the solder-cleaning 
system (such as flux and solder covers), do not adversely 
affect the life of the component. This consideration applies 
to all non-hermetic and molded-plastic components. 

It is, of course, impractical to evaluate the effect on 
long-term transistor life of all cleaning solvents, which are 
marketed with numerous additives under a variety of brand 
names. These solvents can, however, be classified with 
respect to their component parts, as either acceptable or 
unacceptable. Chlorinated solvents tend to dissolve the outer 
package and, therefore, make operation in a humid atmos- 
phere unreliable. Gasoline and other hydrocarbons cause the 
inner encapsulant to swell and damage the transistor. Alcohol 
and unchlorinated freons are acceptable solvents. Examples 
of such solvents are: 


Freon TE 

Freon TE-35 

Freon TP-35 (Freon PC) 

Alcohol (isopropanol, methanol, and special denatured 
alcohols, such as SDA1, SDA30, SDA34, and SDA44) 
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Care must also be used in the selection of fluxes for lead 
soldering. Rosin or activated rosin fluxes are recommended, 
while organic or acid fluxes are not. Examples of acceptable 
fluxes are: 


Alpha Reliaros No. 320-33 
Alpha Reliaros No. 346 
Alpha Reliaros No. 711 
Alpha Reliafoam No. 807 
Alpha Reliafoam No. 809 
Alpha Reliafoam No. 811-13 
Alpha Reliafoam No. 815-35 
Kester No. 44 
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If the completed assembly is to be encapsulated, the 
effect on the molded-plastic transistor must be studied from 
both a chemical and a physical standpoint. 


RECTIFIERS AND THYRISTORS 

A surge-limiting impedance should always be used in 
series with silicon rectifiers and thyristors. The impedance 
value must be sufficient to limit the surge current to the 
value specified under the maximum ratings. This impedance 
may be provided by the power transformer winding, or by an 
external resistor or choke. 

A very efficient method for mounting thyristors utilizing 
packages such as the JEDEC TO-S and “‘modified TO-5” is to 
provide intimate contact between the heat sink and at least 
one half of the base of the device opposite the leads. These 
packages can be mounted to the heat sink mechanically with 
glue or an epoxy adhesive, or by soldering. Soldering to the 
heat sink is preferable because it is the most efficient 
method. 

The use of a “‘self-jigging’ arrangement and a solder 
preform is recommended. Such an arrangement is illustrated 
in RCA Publication MHI-300B, “Mounting Hardware 
Supplied with RCA Semiconductor Devices”. If each unit is 
soldered individually, the heat source should be held on the 
heat sink and the solder on the unit. Heat should be applied 
only long enough to permit solder to flow freely. For more 
detailed thyristor mounting considerations, refer to Appli- 
cation Note AN3822, “Thermal Considerations in Mounting 
of RCA Thyristors”’. 


MOS FIELD-EFFECT TRANSISTORS 

Insulated-Gate Metal Oxide-Semiconductor Field-Effect 
Transistors (MOS FETs), like bipolar high-frequency transis- 
tors, are susceptible to gate insulation’ damage by the 
electrostatic discharge of energy through the devices. Electro- 
static discharges canoccur in an MOS FET if a type with an 
unprotected gate is picked up and the static charge, built in 
the handler’s body capacitance, is discharged through the 
device. With proper handling and applications procedures, 
however, MOS transistors are currently being extensively 
used in production by numerous equipment manufacturers in 
military, industrial, and consumer applications, with virtually 
no problems of damage due to electrostatic discharge. 

In some MOS FETs, diodes are electrically connected 
between each insulated gate and the transistor’s source. 
These diodes offer protection against static discharge and 
in-circuit transients without the need for external shorting 
mechanisms. MOS FETs which do not include gate- 
protection diodes can be handled safely if the following basic 
precautions are taken: 


1. Prior to assembly into a circuit, all leads should be kept 
shorted together either by the use of metal shorting 
springs attached to the device by the vendor, or by the 
insertion into conductive material such as “ECCOSORB* 
LD26” or equivalent. 

(NOTE: Polystyrene insulating “SNOW” is not suffi- 
ciently conductive and should not be used.) 

2. When devices are removed by hand from their carriers, 
the hand being used should be grounded by any suitable 
means, for example, with a metallic wristband. 


*Trade Mark: Emerson and Cumming, Inc. 
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3. Tips of soldering irons should be grounded. 


4. Devices should never be inserted into or removed from 
circuits with power on. 


INTEGRATED CIRCUITS 

In any method of mounting integrated circuits which 
involves bending or forming of the device leads, it is 
extremely important that the lead be supported and clamped 
between the bend and the package seal, and that bending be 
done with care to avoid damage to lead plating. In no case 
should the radius of the bend be less than the diameter of the 
lead, or in the case of rectangular leads,such as those used in 
RCA 14-lead and 16-lead flat-packages, less than the lead 
thickness. It is also extremely important that the ends of the 
bent leads be straight to assure proper insertion through the 
holes in the printed-circuit board. 


COS/MOS (Complementary-Symmetry MOS) 
Integrated Circuits 

Although protection against electrostatic effects is 
provided by built-in circuitry, the following precautions 
should be taken in handling these circuits: 


1. Soldering-iron 
grounded. 

2. Devices should not be inserted in non-conductive 
containers such as conventional plastic snow or trays. A 
conductive material such as “ECCOSORB LD26” or 
equivalent should be used. 


tips and test equipment should be 


Low-source-impedance pulse generators connected to the 
inputs of these devices must be disconnected before the dc 
power supply is turned off. All unused input leads must be 
connected to either Vsg or Vpp, whichever is appropriate 
for the logic circuit operation desired. 


SOLID STATE CHIPS 
Solid state chips, unlike packaged devices, are non- 
hermetic devices, normally fragile and small in physical size, 
and therefore, require special handling considerations as 
follows: 


1. Chips must be stored under proper conditions to insure 
that they are not subjected to a moist and/or contam- 
inated atmosphere that could alter their electrical, 
physical, or mechanical characteristics. After the shipping 
container is opened, the chip must be stored under the 
following conditions: 

A. Storage temperature, 40°C max. 
B. Relative humidity, 50% max. 
C. Clean, dust-free environment. 

2. The user must exercise proper care when handling chips 
to prevent even the slightest physical damage to the chip. 

3. During mounting and lead bonding of chips the user must 
use proper assembly techniques to obtain proper elec- 
trical, thermal, and mechanical performance. 

4. After the chip has been mounted and bonded, any 
necessary procedure must be followed by the user to 
insure that these non-hermetic chips are not subjected to 
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moist or contaminated atmosphere which might cause 
the development of electrical conductive paths across the 
relatively small insulating surfaces. In addition, proper 
consideration must be given to the protection of these 
devices from other harmful environments which could 
conceivably adversely affect their proper performance. 


SOLID STATE LASERS AND EMITTING DIODES 

Optoelectronic devices should employ the same 
mounting and heat-sink procedures utilized with other solid 
state devices. The temperature ratings established for storing, 
mounting, and operating these devices must not be exceeded 
to avoid damaging the emitters. Because the extremely small 
size and high driving-current requirements of some of these 
devices preclude the use of polarity marks on the housing 
and package configurations, care must be taken to insure that 
voltage is always applied in the proper direction. It is 
important, therefore, to refer to the data bulletin for the 
proper polarity before applying voltage to the device. Pulse 
driving circuitry should be designed to prevent transients 
(positive or negative) or momentary surges from exceeding 
drive conditions. The following suggestions are offered: 


1. High-speed clipping diodes should be placed at terminals 
to bypass negative transients. 

2. High-speed, sense-and-clamp circuitry should be used to 
prevent overdrive in peak or average current by clamping 
or disconnect techniques. For short pulses, ordinary 
thermal fuses should not be used because they do not 
provide adequate device protection. 


The characteristics of solid state emitters vary substan- 
tially with changes in ambient temperature. Threshold, the 
point at which lasing starts, is highly dependent on 
temperature and requires compensation of drive current in 
applications where operation over a wide temperature range 
is a design requirement. A room-temperature laser can be 
damaged if a constant drive current is maintained while the 
ambient temperature is reduced to cryogenic levels. Pub- 
lished data bulletins for individual devices specify safe levels 
of operation. 

In most cases, the voltage drop across a solid state 
emitter is of comparatively low amplitude; however, the 
required drive current may be many amperes. As in the case 


of other high-operating-current devices, therefore, clean and 
low-impedance contacts are required in all applications. 


High voltage may be present in pulse-driven circuits 
utilizing these devices. Therefore, consideration should be 
given to the possibility of shock hazard which may result 
from contact with these high voltages. In general, where 
devices are operating at potentials which may be dangerous 
to personnel, suitable precautionary measures should be 
taken to prevent direct contact with these devices. 


Radiation Safety Considerations 


Injection laser diodes emit electromagnetic radiation at 
wavelengths which may be invisible to the human eye. 
Suitable precautions must be taken to avoid possible damage 
to the eye from overexposure to this radiant energy. 
Precautionary measures include the following: 


1. In Systems with No External Lens — Avoid viewing the 
laser source at close range. Since the emitted beam is not 
collimated, increasing the distance to the laser source 
greatly reduces the risk of overexposure. 

2. In Systems Utilizing External Optics — Avoid viewing the 
emitter directly along the optical axis of the radiated 
beam. 

3. Reflections From Surfaces — 
specular reflections in the system. 


Minimize unwanted 


ADDITIONAL DATA 
Additional information on handling, mounting, and 
operating RCA Solid State Devices is given in the following 
publications which are available on request from RCA/ 
Commercial Engineering, Harrison, N.J. 07029. 


MHI-300B “RCA Mounting Hardware Supplied with RCA 
Semiconductor Devices” 


1CE-338 “RCA Integrated Circuits Mounting and Con- 
nection Techniques” 

AN-3822 “Thermal Considerations in Mounting of RCA 
Thyristors” 

AN-4124 “Handling and Mounting of RCA Molded-Plastic 


Transistors and Thyristors” 


Application Notes on 
AM/FM Communications Circuits 
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Silicon monolithic integrated 
circuits have certain design features 
which make them more attractive than 
discrete-component circuits for con- 
sumer electronic applications. These 
features include small light 
weight, high reliability, and more po- 
tential circuit functions perdollar of 
cost. Until recently, the major limi- 
tation to the extensive use of inte- 
grated circuits in commercial FM (88- 
to-108-MHz) broadcast receivers has 
been the relatively high cost of such 
circuits when they were designed to 
perform the same functions as their 
discrete-circuit counterparts. This 
limitation has now been removed by the 
introduction of high-reliability, low- 
cost, multifunctionintegrated circuits 


size, 


such asthe RCA CA3005, CA3011, CA3012, 
CA3013, and CA3014. With these cir- 
cuits, high-performance inexpensive FM 
receivers can be designed to meet the 
rigorous standards set by high-quality 
commercial FM receivers using vacuum 
tubes and transistors. 


This note describes several ap- 
proaches to FM receiver design using 
silicon monolithic integratedcircuits. 
The tuner section is described first, 
and then the if-amplifier and detector 
sections. Performance characteristics 
are described where applicable. The 
FM receivers discussed are designed for 
use from a +9-volt supply. The key to 
design simplicity isthe use of the RCA 
multifunction integrated circuits 


CA3005, CA3012, andCA3014. The CA3005 
may be used as a cascode rf amplifier, 
a differential rf amplifier, a mixer- 
oscillator, and an if amplifier; the 


CA3012 and CA3014 perform if ampli fi- 


cation, limiting, detection, and 
preamplification. 
FM Tuner 


The CA3005 is the basic building 
block forthe three front-end approaches 
discussed below. A schematic diagram 


of the CA3005 is shown in Fig.l. Fig. 2 


R, 


Sil 
Ome) 


SEE NOTE 
O 


8 5 6 2 9 
92CS-13343 


Note: Connect terminal 9 to most positive dc 
supply voltage. 
Fig.1 - Schematic diagram of RCA CA3005 


integrated-circuit rf amplifier. 


shows asingle-chip front end that uses 
one CA3005 and a two-gang capacitor 
tuning system. The CA3005 performs the 
functions of rf amplifier, oscillator, 
and mixer in a unique manner. 


The circuit operation may best be 
explained by reference to Figs.1 and 2. 
The first function of the current-sink 


tT, 
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transistor Q3 in Fig.l is to supply the 
emitter currents for the differential- 
amplifier transistors Q] andQ»9. Posi- 
tive feedback from the collector of Qs» 
(terminal 10) tothe base of Q) (termi- 
nal 1) through the5-picofarad capacitor 
shown in Fig.2 establishes the oscil- 
lator function; the frequency of oscil- 
lation is determined by the tuned 
circuit Lg and C9. Because the output 


impedance at the collector of Q3 is 
high compared tothe input impedance at 
the emitter of Q; and Qo, Q3 isisolated 
from Qi andQ2 and receives very little 
Therf input signal 


oscillator signal. 


yn w 


o— 


f =100 MHz 


OSCILLATOR FREQUENCY 
SHIF T—kHz 


3 4 5 
TIME— HOURS 


OSCILLATOR FREQUENCY SHIFT— kHz 
8 8 


9.0 
SUPPLY VOLTAGE—V 


L,-—4 turns of No. 22 wire, center-— 
tapped 1/48 OID. coll’ form; "EE" 
mat’l slug 


Las turns No.32 wire on toroid 
core; Radio Industries Inc., 1/4" 
On DS SONO: Stimatai 


isi RW NOMZ16 29% One qui Vv. 


Fig.2 - Single-chip front end using the CA3005. Curves show 
oscillator stability with time and supply voltage. 
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1s.applied to the base of Q3 (terminal 
3), amplified, and injected into the 
emitter of Q; and Q»g to mix with the 
oscillator signal. The 10.7-MHz inter- 
mediate frequency is obtained from the 
collector of Q) (terminal 11). 


The CA3005 draws atotal current of 
4.5 milliamperes from the +9-volt 
supply. The front end shown in Fig. 2 
has a power gain of 15 dB and a sensi- 
tivity of 10 microvolts for 30 dB of 
quieting; it can handle a maximum input 
signal jof @ miblavoltsin «Automatic 
frequency control can be applied to the 
oscillator in a conventional manner by 
connection of a voltage-dependent ca- 
pacitor (diode) tothe oscillator tuned 


cirfeuit Lo and €9. ~ Curves: odyasenl- 


+9V 


lator stability as a function of time and 
supply voltage are also shown in Fig. 2. 


The approach tothe front end shown 
in Fig.2, although economical, results 
in only adequate performance. Improved 
performance can be obtained by ad- 
dition of anrf amplifier to the mixer- 
oscillator circuit, as shown 11 Bae 
In this figure, a CA3005 used as an rf 
amplifier and a three-gang capacitor 
tuning system are added to the basic 
single-chip circuit to provide higher 
power gain, lower noise figure, and 
improved selectivity. The CA3005 is 
connected as a cascode amplifier in 
Fig 3 ta) in an emitter-coupled 
configuration in Fig.3(b). Both con- 
figurations require no neutralization. 


and 


| 10.7 MHz 
bana 


0.05 
BF 


(a) 


L4—4 turns No.22 wire; center— tapped; 1/4-inch outer—diameter coil form; "E" material slug 


L>-Same as Ly without center tap 


L3—-6 turns NOo.32 wire on toroid core; Radio Industries, Inc.; 1/4-inch outer diameter; No.8 material 
Mixer Transformer — TRW No.21629, or equiv. 
+9V 
IK +9V 
9V 
oe F 5 pF 
Lz Cz 
wy 
5 Wi 
10.7 MHz >L 
TRAP ¢ ° ((0) y = 
E C) ® |/tov- ae 
| 
lOpF a 

W @ W | ve? 10.7 MHz 
vA 0.05 

a, /o? gg aE 

si me tHE Vi zr 
ve == — 
fie deh Gg A ee Hil VA (b) 


L4—-4 turns of No.22 wire; center—tapped; 
L?2—Same as Li without center tap 

L376 funns. OT NOw22 Wi Re On stoORj@idLcore; 
Mixer Transformer — TRW No. 21629, or equiv. 


1/u-inch outer—diameter coil form: 


Radio Industries, 


"E" material slug 


Inc.; 1/4-inch outer diameter; No.8 material 


Fig.3 - Two-chip front ends using CA3005 rf amplifier connected (a) in cascode, and 
(b) in emitter-coupled configuration. 


The cascode front end has a higher 
power. gain (28 dB, ascompared to 24 dB 
for the emitter-coupled configuration), 
but the emitter-coupled front end has 
better cross-modulation characteristics. 
The emitter-coupled amplifier can 
handle interfering signals up to about 
15 millivolts with 10 per cent cross- 
modulation at maximum gain, while the 
capability of the cascode amplifier is 


Hy | Ai 
(7) (i) (1) 
ae ae é 
e O16 Oke aa C 
om 
yr 0. 
0.1 ai uF 


10.7-MHz IF SELECTIVITY CURVE 


(Markers are 100 kHz apart with center 
at 10.7 MHz) 


(5) 
lag BE : 
OF 


limited to that of a single transistor.! The 
cascode front endhas asensitivity of 2 micro- 
volts for 30 dB of quieting, whilethe emitter- 
coupled front endhas a sensitivity of 3 micro- 
volts. Reverse agc canbe applied to both con- 
figurations by variations of the voltage at 
terminal 12 from 9 volts (maximum gain) to 3 
volts (full cutoff) froma 0.5-milliampere agc 
source. Both amplifiers have a dynamic agc 


range of 60 dB. 


AUDIO OUTPUT 


equiv. 
Igoe 


| en e 


Niel bctal tee 


ie ee 
CN 


DETECTOR "S" CURVE 
(Markers are 100 kHz apart with center 
at MHz) 


Fig.4 - Two-chip 10.7-MHz if amplifier, limiter, and discriminator using CA3005, CA3014, and 


Interstage transformer. Photographs show selectivity curve, detector “S” curve. 


= TRW No. 22468 or 


TRW No. 21590 or 
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FM IF Amplifier, Limiter, and Detector 


Fig.4 shows a 10.7-MHz FM if strip 
and detector that uses a CA3005 and a 
CA3014 to provide 95 dB of gain. The 
schematic diagram of the CA3005 was 
shown in Fig.1; the CA3014 schematic is 
shown inFig.5. Theheart of both these 
integrated circuitsisthe differential 
amplifier, which is probably the best 
simple configuration on themarket today 
for symmetrical limiting over a wide 
input-voltage range. The differential- 
amplifier configuration is also ideal 
for integration because the parameters 
that are most important in integrated- 
circuit design (matched Vpp, matched 
beta, and resistor ratios) are the 
easiest to control on a single silicon chip. 
In the FM if strip, therefore, three ad- 
vantages are obtained: high performance, low 
cost, and fewer individual components. 


The input limiting knee for the if strip 
shown inFig.41is30 microvolts. The recovered 
audio obtained fromterminal 9 of the CA3014 is 
220 millivolts rms. The if selectivity curve 
and the detector "S"” curve are also shown in 
Fig.4. The AMrejection referencedtoa 30-per- 
cent modulated (FM and AM) signal with the AM 
signal at 30 millivolts is 50 GB. 


GROUND 
8O 


ook 


The 10.7-MHz if-amplifier circuit 
of Fig.4 operates as follows: The 
10.7-MHz FM signal from the mixer is 
applied to terminal 7 of the CA3005. 
The gain from this point to the input 
of the CA3014 is 25 dB. The interstage 
transformer T2 is designed so that the 
collector output of the CA3005 at termi- 
nali ledoes note saturate) ) Asia’ reswity 
bandpass spreading is kept to a minimum 
over large swings in input voltage. The 
10.7-MHz FM signal receives additional gain 
of 70 dB and limiting from terminal 1 to 
terminal 5 in the CA3014. The FM output at 
terminal 5 1s applied to the primary winding 
of the phase-shift (discriminator) transformer 
T3. The secondary winding, which is connected 
to terminals 6 and 7, is in quadrature with 
the primary voltage at the center frequency, 
10.7 MHz. As the FM signal varies, the phase 
shift of the secondary voltage follows 
the modulation. The detected output 
at’ the base of *Q11 in thepOCAcwer 
(terminals 6 and 7) is thus amplified 
and buffered. The recovered audio 
is taken from the low-impedance termi- 
also. 

If more selectivity in the if strip 
is desired, an additional double-tuned 
transformer can be added tothe circuit. 


D2 


92CM-13779 


Fig.5 - Schematic diagram of RCA CA3014 wide-band amplifier-discriminator. 


Fig.6 shows an approach in which the 
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Fig.8 - Schematic diagram of RCA CA3012 wide-band amplifier. 
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Silicon monolithic integrated circuits that use a 
differential-amplifier configuration have certain design 
features which make them more attractive than discrete- 
component circuits for FM if-amplifier applications. 
These features include better performance, small size, 
light weight, and more potential circuit functions per 
dollar of cost. 


The Differential Amplifier 


The heart of integrated-circuit FM if amplifiers is 
the differential amplifier, which is probably the best 
simple configuration available today for symmetrical 
limiting over a wide input-voltage range. Each half of 
the differential amplifier is alternately cut off on posi- 
tive and negative half-cycles of the input signal. 


As shown in Fig.1, the total current through the 
circuit Ip is relatively constant. A current equal to 
I~/2 flows through each transistor at balance (quies- 
cent condition). When the base voltage Vp) is made 


Vcc 


VB, Va, 
Fig.] - Basic differential-amplifier configuration. 


This material was presented at the IEEE Second Annual Semi- 
conductor-Device Clinic on Linear Integrated Circuits in New 
York City, March 24, 1967. 
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more positive than VBo, however, the collector current 
Ic] increases and IC9 decreases. The value of IC 
becomes equal to the total current Ip when the follow- 
ing condition exists: 


VB - VBo - VBE] 2 VBEg ‘threshold) 


The transistor Q] is then full on, and QQ is then cut off. 
Similarly, when Vp, is made more negative than VBo, 
the value of IC9 becomes equal to IT; Q1 is then cut off 
and Q@ is full on. When the worst-case value of IT is 
known, the maximum load impedance for symmetrical 
limiting is selected so that collector saturation does 
not occur, as follows: 


Resistive Load: Ry = Voc/I7 
Tuned Load: Ry 2 Veer 
Under these conditions, symmetrical limiting is 
obtained without spurious phase modulation. 


The transfer characteristics for a typical differen- 
tial amplifier shown in Fig.2 illustrate the excellent 
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DIFFERENTIAL INPUT VOLTAGE (Vb, -Vbo) — 
KT/q UNITS 


COLLECTOR CURRENT (I¢)—alI, UNITS 


0 


Fig.2 - Transfer characteristics of basic differential- 
amplifier circuit. 


limiting characteristics. Further increases in input 
voltage (VB), - VBg) produce no change in collector 
current above 4KT/q units of input signal. 


There are two basic approaches to the design of 
integrated-circuit FM if-amplifier stages using differen- 
tial amplifiers: (1) lumped-filter FM if amplifiers using 
high-gain multi-stage integrated-circuit packages, or 
(2) individually tuned FM if amplifiers using single- 
stage integrated-circuit packages. This paper discusses 
the performance obtained with these approaches and 
outlines their merits and limitations. 


Evolution of High-Gain Selective Building Blocks 


The tuned rf amplifiers used in early broadcast 
receivers soon exhibited a point of diminishing returns 
with regard to gain and selectivity improvements. With 


the advent of the superheterodyne principle, the inter- 
mediate-frequency amplifier became the first building 
block that had fixed-frequency tuning, relatively high 
gain, and good selectivity as a result of its operation 
at a frequency lower than the signal frequency. 


Because of its demands for high gain, phase linear 
amplification, and good symmetrical amplitude limiting, 
and because of the numerous FCC station allocations, 
FM broadcasting is now facing the dilemma of providing 
selectivity with good phase response. That is, receiver 
selectivity must be maintained for large signal inputs 
without deterioration of phase response. (A discussion 
of the practical solution of this problem is beyond the 
scope of this paper.) Successive limiting from the last 
stage back to the first stage can no longer be tolerated. 


High-Gain-Per-Package Differential 
IF Strips 


Fig.3 shows the schematic diagram of a high-gain 
integrated circuit, the CA3012, which can be used in an 
if-amplifier strip to drive a ratio detector. The CA3012 
wideband amplifier, designed for use in FM broadcast 
or communications receivers, is basically an if ampli- 
fier-limiter intended for use with external FM detectors. 
It consists of three direct-coupled cascaded differential- 
amplifier stages and a built-in regulated power supply. 
Each of the first two stages consists of an emitter- 
coupled amplifier and an emitter-follower. The operating 
conditions are selected so that the de voltage at the 


Integrated-Circuit 


Fig.3 - Schematic diagram of CA3012 integrated-circuit 
wideband amplifier. 


output of each stage is identical to that at the input of 
the stage. This condition is achieved by operation of 
the bases of the emitter-coupled differential pair of 
transistors at one-half the supply voltage and selection 
of the value of the common-emitter load resistor to be 
one-half that of the collector load resistor. As a result, 


the voltage drops across the emitter and collector load 
resistors are equal, and the collector of the emitter- 
coupled stage operates at a voltage equal to the base-to- 
emitter voltage Vpr plus the common base potential. 
The potential at the output of the emitter-follower, 
therefore, is the same as the common base potential. 


At an operating point 3 dB down from the knee of 
the transfer curve, therefore, the CA3012 requires an 
input between 400 and 600 microvolts, depending on 
the ratio-detector design. Fig.4 shows the use of two 
CA3012 units in a 10.7-MHz if-amplifier strip. A double- 
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practical and does not impose too much burden on align- 
ment. Because IHFM selectivity includes other factors 
than passband, a combined filter design that provides 
second-channel attenuation between 52 and 60 dB be- 
comes imperative. 


Investigation of various types of inductance-capaci- 
tance filters indicates the use of a triple-tuned type to 
form the major lumped selectivity of the FM receiver. 
Fig.6 shows the response curve and two configurations 
for such a filter. Economy and ease of alignment are 
the major features in this approach. 


3.5 pV 6250 pV 2470 pV L75V 
| 4 5D 
+65 dB —--+—_ — -8 dB - 7 aan +74 dB 
8K 
- 5 wF/ 
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68 ik 68K 
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‘OOl] OUTPUT 
Me 
. © 
: 0.0I uF 
0.01 uF Pa eee ae 
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Fig.4 - 10.7-MHz if-amplifier strip using CA3012 integrated circuit. 


tuned filter that has a voltage insertion loss of 8 dB is 
located between the two CA3012 units to provide a 
filter input of approximately 1000 microvolts (at terminal 
5 of the first CA3012). For an if-strip sensitivity of 
4 microvolts, a gain of 48 dB is required. However, if 
the CA3012 used has a load impedance of 1200 ohms, 
the available gain is 65 dB, or approximately 17 dB 
more than required. The extra gain is not wasted, but 
drives the second CA3012 harder, causing it to limit 
so that its gain is reduced by approximately 17 dB. 


Fig.5 shows the selectivity of the double-tuned 
interstage filter. The 3-dB bandwidth is 200 kHz at 
an input of 10 microvolts and 240 kHz at inputs from 
500 microvolts to 0.5 volt. The coefficient of critical 
coupling is approximately 0.5 at 10 microvolts and in- 
creases to 1.0 but still maintains good phase response. 
The double-tuned filter should be coupled capacitance- 
aiding to avoid a nearly in-phase over-all relationship. 
Otherwise, bypassing of terminal 10 and the ratio- 
detector primary becomes critical and over-all stability 
is impaired. 


The connection of the FM front end to the integrat- 
ed-circuit if strip must provide good selectivity and 
good phase response. A double-tuned filter is not 
suitable from the standpoint of selectivity. An actual 
IHFM* receiver selectivity between 35 and 40 dB is 


* Institute of High-Fidelity Manufacturers. 
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Fig.5 - Selectivity curve for double-tuned interstage 
filter. 


The triple-tuned filter, which is located between 
the mixer and the first integrated circuit, may have a 
voltage insertion loss of 33 dB, depending on the desired 
gain distribution. The power insertion loss of the 
filter, which is between 12 and 17 dB, is the loss that 
contributes to if noise. If the primary impedance is 
reduced to provide a lower voltage insertion loss, the 
front-end gain is decreased by a corresponding amount. 
Stability criteria must be the deciding factor in im- 
pedance and gain distribution. 


26 


~ OR CA3028 


ATTENUATION— dB 


eRe tes 

(es Sh) Cone | | ! | 

-0.6 -04 -02 fe} 0.2 0.4 06 
FREQUENCY DEVIATION—MHz 


Fig.6 - Configurations and response curve for triple- 
tuned interstage filter. 


Most FM front ends come equipped with a double- 
tuned 10.7-MHz if transformer in which a secondary 
high-impedance winding is brought out capacitively 
unterminated and non-polarized with respect to ground. 
This configuration does not lend itself readily to optimum 
skirt selectivity (form factor) when connected with an 
additional single-tuned transformer to form a_ triple 
tuned filter. Most effective use of the existing front-end 
filter is accomplished by the addition of another double- 
tuned filter, such as those shown in Fig.7. Either 


iH 


Fig.7 - Configurations of two quadruple-tuned interstage 
filters. 


bottom inductance or capacitance coupling can be used. 
Voltage insertion losses from 18 dB to 26 dB can be 
expected. Fig.8 shows the response curve obtained 
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Fig.8 - Response curve obtained with quadruple-tuned 
filter. 


with a quadruple-tuned interstage filter. The per-cent 
coupling between filters and the coupling mode must be 
determined on the basis of over-all stability and per- 
formance. 


It may be appropriate to consider briefly the noise 
associated with high-insertion-loss filters. Over-all 
receiver noise F is calculated as follows: 

F9-1 : F3-1 

Gq] G1Go 

where Fj, F9, and F3 are the noise figures of the first 
(rf), second (mixer), and third (if) stages, respectively; 
and Gj and G9 are the power gains of the first and 
second stages. If a value of 27 dB is assumed for the 
if noise figure F3 (filter plus integrated circuit), 10 dB 
for the mixer noise figure, and 30 dB for mixer power 
gain, the effect of if noise on mixer noise is determined 


as follows: 
ot=py + eo 04 2 =10.0064B 
Ps Seg 1000 


F =F, + 


Tf the rf stage is assumed to have a power gain of 15 dB 
ind a noise figure of 5 dB, total receiver noise is then 
determined as follows: 


FQ-1_ 
Gy 
These calculations show that the power gain of 


the rf-amplifier stage overrides both if noise and mixer 
noise. A minimum power gain of 10 dB is advisable. 


10.87-1 


F =F, + 5 + = 5.285 dB 


The use of a tuning capacitance of 82 picofarads 
in the collector circuit of the mixer stage provides a 
loaded primary impedance of approximately 10,000 ohms 
and eliminates the need for a tap. The 27-picofarad 
tuning capacitances that comprise the other poles of this 
filter could be reduced to obtain more favorable loaded- 
to-unloaded-Q ratios without use of additional resistor 
loading. The choice of 27 picofarads was based prima- 
rily on circuit stability considerations. 


Fig.9 shows one type of complete integrated-circuit 
if strip, and Fig.10 shows the accompanying voltage 
gains and impedances. Values are given for two levels 
of mixer output impedance. All other impedance levels 
shown have exhibited good stability. Over-all perfor- 
mance of the circuit is illustrated in Fig.11. 
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Capture ratio, which was measured at various levels, 
varies from 5 dB at 2 microvolts to 1.2 dB above 500 
microvolts. With careful adjustment, values as low as 
0.8 dB can be obtained. The selectivity curve for the 
integrated circuit if strip is shown in Fig.12. Over-all 
selectivity for a given ratio detector and the if strip is 
shown in Fig.13. Some distributed-selectivity receivers 
have very little second-channel selectivity at an antenna 
input of 2000 microvolts. The points marked in Fig.13 
show such selectivity for several antenna input levels. 


Fig.14 shows an if strip that combines high gain 
per package and the single-stage-per-package approach. 
CA3012 and CA3028 integrated circuits are used in a 
differential-mode connection. An if sensitivity of 15 
microvolts can be obtained with this if strip. 


If discrete circuits are directly replaced by single 
differential integrated-circuit amplifiers, a minimum of 
if transformer and printed-circuit-board redesign is re- 
quired. Values of voltage gain and impedance are indi- 
cated on the block diagram in Fig.15. All three double- 
tuned transformers are made symmetrical with respect 
to primary and secondary windings and taps. 


Because the single- or double-tuned circuit used 
between the mixer and the if strip has inherently less 
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if-amplifier strip using two CA3012 integrated circuits. 


insertion loss than a triple-tuned input filter, the input 
required is 20 instead of 3.5 microvolts. All three 
double-tuned if transformers have an insertion loss of 
6 dB and a 3-dB bandwidth of 280 to 300 kHz. The ratio-« 
detector primary impedance dictates the stage gain of 
36 dB for the last integrated circuit. Each of the re- 
maining three stages has a gain of 21.5 dB, for the total 
required gain of 100 dB. The impedance required for 
the desired stage gain was calculated to be 660 ohms 
for both the primary and secondary windings of the if 
transformers. 
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Fig.14 - IF-amplifier strip using CA3028 and CA3012 integrated circuits. 
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Fig.15 - Voltage gain and impedance values for if-ampli- 
fier strip of Fig.12. 


With inputs from 20 to 200 microvolts, second- 
channel selectivity as high as 52 to 59 dB can be at- 
tained for three double-tuned and four double-tuned 
filters, respectively, for a 3-dB bandwidth of 196 kHz. 
For higher inputs, the same deterioration of selectivity 
occurs as that experienced with discrete circuits, as 
shown in Fig. 16. 
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strip using six double-tuned filters. 


Several receivers incorporating the if strips shown 
have been field-tested in areas of 200-kHz station 
separation, where a weak station was sandwiched be- 
tween two strong stations. The weak station was 
received without interference, as compared to the per- 
formance of other high-quality FM receivers fabricated 
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with discrete-component if circuits, where lack of 


selectivity marred reception. 


Conclusions 


The preceding discussion has shown that the 
simplest approach to the use of integrated circuits in 
FM if-amplifier strips is to replace each stage in pre- 
sent discrete-transistor if strips with a differential 
amplifier. This integrated-circuit approach requires a 
minimum of re-engineering because a cascade of in- 
dividually tuned if stages is used. From a performance 
point of view, this approach results in better AM re- 
jection than that obtained with discrete circuits be- 
cause of the inherent limiting achieved with the differ- 
ential-amplifier configuration. 


This approach, however, is not the best for cost 
performance in the long run. The single stage of gain 
is most difficult to justify economically when a single 
transistor stage is replaced with a single integrated- 
circuit package. The boundary condition for such an 
approach is that ultimately the cost of fabricating a 
package containing three transistors and three resistors 
(a typical complement for a differential-amplifier stage) 
must be the same as that of the one transistor the stage 
replaces. 


Approaches to FM if stages which use the high- 
gain-per-package concept achieve the excellent AM 
rejection of differential amplifiers, as well as superior 
adjacent-channel attenuation, because more gain is 
inserted between the selectivity elements. From a per- 
formance point of view, this approach is superior to 
both discrete-stage and individually tuned integrated- 
circuit if strips. 


From the point of view of cost, this approach has 
better possibilities because two packages are equivalent 
to four single stages of gain (four integrated-circuit 
packages). This approach results in maximum utiliza- 
tion of present-day monolithic integrated-circuit tech- 
nology, and is closer to the optimum FM if amplifier 
shown in Fig.17. 


Fig.17 - Optimum FM if-amplifier configuration. 
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Power-Supply Considerations 
For CA3041 and CA3042 
Integrated Circuits 


by 


J. H. Sundburg 


The RCA CA3041 and CA3042 integrated circuits are 
designed for use as a major subsystem in FM receivers 
or the sound section of television receivers. In such appli- 
cations, each circuit can provide if amplification and limit- 
ing, FM detection, and audio preamplification. These units, 
shown schematically in Fig. 1, offer exceptional versatility 
in circuit design because the wideband if amplifier/limiter 
section, the FM detector section, and the audio preampli- 
fier/driver section can be used independent of each other. 
The dc operating voltage for the integrated circuits, ap- 
plied at terminal 14, is usually provided from the external 
supply through a series dropping resistor. The CA3041 
and CA3042 include Zener-diode-regulated power supplies 
that provide proper operating voltages to the various cir- 
cuit stages independent of external power-supply consider- 
ations. 


The shunt regulation provided by Zener diodes Z. and 
Zs stabilizes circuit voltages, but may also cause wide vari- 
ations in the dissipation on the integrated-circuit chip, 
depending upon power-supply and device variations. The 
external power supply for CA3041 and CA3042 integrated 
circuits, therefore, must be carefully designed to insure 
both that the maximum dissipation rating of the integrated 


circuit is not exceeded, even under worst-case conditions, 
and that adequate voltage regulation is provided under all 
conditions. 

This Note provides the data required to design an ade- 
quate power supply and describes a simple procedure that 
may be used to determine the value and tolerance of the 
required series dropping resistor when supply voltages 
differ from those specified in the published data for the 
CA3041 and CA3042 integrated circuits. 


General Considerations 


The main variables to be considered in determination of 
the external series dropping resistors are as follows: (1) 
power-supply voltage and tolerance, (2) maximum allow- 
able integrated-circuit dissipation at the maximum ambient 
temperature. and (3) variations in integrated-circuit charac- 
teristics. 

When the CA3041 or CA3042 is operated at high 
power-supply voltages, the integrated-circuit dissipation 
does not vary widely; operation of the circuit at higher 
temperatures is then permitted. Under such conditions, 
however, total system dissipation is increased and a higher 
power rating is required for the series dropping resistor. 
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Fig. 1 — Schematic diagrams of (a) the CA3041 and (b) 
the CA3042 integrated circuits. 
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When low-voltage supplies are used, the power rating of 
the series resistor may be reduced, but a decrease in the 
temperature range of the integrated circuit also results. 


respectively. The voltage-current curves for the CA3041 
and CA3042 also differ because of the difference in the 
audio-amplifier stage of these circuits. 


The maximum value of the series dropping resistor Rs 
is the value for which a Zener current of 1 milliampere is 1000 
allowed to flow under worst-case conditions, i.e., under 


Es 
conditions of low line voltage, high Zener voltage, and | 
high integrated-circuit current drain. The minimum value z rt 
of the resistor Rs is the value for which the worst-case E 
dissipation is limited to that defined by the maximum am- = 600 
bient temperature and the circuit derating curve shown in 3 
Fig. 2. rs} 

: > 400 
The procedure used to define the resistor Rs differs ww 


slightly for the two types of integrated circuits. A few ad- 

ditional steps are required for the CA3041 because the 200° 
dissipation of this circuit is a function of the load resistor 
of the audio-amplifier stage (this resistor is not used in 
CA3042),. Tables I and II outline the procedure used to 
determine the resistor Rs for the CA3042 and CA3041, 


20 30 40 50 60 70 80 
AMBIENT TEMPERATURE—°C 


Fig. 2 — Maximum device dissipation derating curve for 
the CA3041 and CA3042 integrated circuits. 


TABLE |— PROCEDURE FOR FINDING THE SERIES DROPPING RESISTOR Rs FOR THE CA3042 
(Points referred to in the procedure are shown on Fig. 4.) 


EXAMPLE 
iS Define nominal supply voltage and tolerance, minimum and maximum supply Vg = 40 V+10% 
voltage, and maximum ambient temperature Vs min = 36V. 
smax = 44V. 
f by MAX T5°C 
24 Compute maximum value of R, using voltage and current at point X 36.—.11,53 
R SIV 5 eather cay = Rg max = 1 ee 1.16KQ 
BMAX! aie 6 aay a on ae one 
I, 

oF Assume resistor tolerance, and compute nominal value of R, Tolerance = 10% 

R, yom = Rs max (1 — % Tolerance) R, now & 1.16% OF = ioe 
FIND NEXT LOWER STANDARD VALUE 1KQ 

4, Construct the worst-case load line using the minimum value of R, and the S4i-— 0 
maximum value of V,. Two points are required. Because the voltage scale is I, 9 = 0.9 Ka. Ko a 36.8 mA 
incomplete, find the current at 10 volts and 13 volts. ; 

4 - — 10 Vv — 13 mda, 
rie S MAX y, tee S MAX lie= 53g 34.5 mA 
Rg MIN Rg MIN 3 
Connect Points 10, I, 9 (F) and 13, I, 3 (G) 

5. Compute the worst-case dissipation. This condition occurs at the point at P, = 36 X 11.1 = 400mW 
which the load line F-G intersects either curve A or curve D. Multiply the P, = 34.8 K 12.4 = 432 mW 
voltage and current at each intersection, and use the higher value. Pyrax = 432 mW 

6. Find the maximum allowable temperature permitted for Py, on Fig. 2. From Fig. 2, T, wax > 85°C 

i If T, yrax iS greater than the maximum value required, the design is satisfactory. 

8. If T, ysax is less than the maximum value required, go back to step (2) and 
recompute for a tighter tolerance on R,, or go back and choose a higher supply 
voltage. 

a, Compute the required dissipation rating for R,. Use V.y¢,x,Ryyx and the lower 442 
of the two values of power calculated in step (5). P = 900 ~ 0.400 = 1.75 watts 

Vs max” 
P = nee oa P (from 5) R, is a 1 KQ resistor with a 
S MIN 


+10% tolerance 


to 


14. 


Voltage-Current Curves 


Figs. 3 and 4 show the limiting power-supply condition, 
together with the test circuit used to determine this condi- 
tion, for the CA3041 and CA3042 circuits, respectively. 
For supply-voltage values (at terminal 14) below 10 volts, 
the Zener diodes Z2 and Z3 do not conduct, and the cur- 
rent drain is that of the connected portions of the inte- 
grated circuit. The vertical distances between the curves 
in Figs. 3 and 4 represent the limits of current drawn by 
the operating portions of the circuit. The current drawn 
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TABLE I1— PROCEDURE FOR FINDING THE SERIES DROPPING RESISTOR Rs FOR CA3041 
(Points referred to in the procedure are shown on Fig. 5.) 


Follow steps 1 through 5 from CA3042 procedure except note that the dissi- 
pation does not include the power dissipated in the audio amplifier. 


Select power-supply voltage and nominal operating point for audio amplifier. 
Note from published data for CA3041 that the ac voltage swing is limited to 
the range of + 1 to +29 volts by saturation effects and breakdown voltage. 


Find the audio load resistor Ry, 

Vs nom — Vo nom 
Ree oe 
Ic yom 


Find worst-case load line using Vg yax and Ry yin 
Ry min = Ry (1 — % Tolerance) 


Load line intersects V = 0 at 


_ Vs wax 
Ry MIN 
At a peat cre 
oad link intersects Vi=4.30 V at | oe 
Ry, MIN 


Compute P,,,4;,. at point P.uaio = Ip X Ve 


Add P,uuaio to Py, from Step 5, and proceed with steps 6 through 9 of the 
CA3042 procedure. 


EXAMPLE 


Use same supply as before / 


Vsnom = 40 
Vs max = 44 
Vo NOM — 15 volts 

(Point N) 

40 — 15 

Reet ee 

L Fatat onic 6.25 K 
use nearest 10% resistor, 
6.8K 


Ry min = 6.8 K Gs 9 — 6.1 K 


44 

IS %E saves TRA 
(Point P) 
14 

hae ral == 2.3 (Point Q) 


Pruaio = 4.7 X 16 = 75 mW 


A-MIN, ZENER MAX. CIRCUIT CURRENT 
B-MIN. ZENER MIN. CIRCUIT CURRENT 
C-MAX. ZENER MAX. CIRCUIT CURRENT 
O-MAX. ZENER MIN. CIRCUIT CURRENT 


SUPPLY CURRENT—mA 


(b) PIN 14 VOLTAGE—VOLTS 


Fig. 3 — Supply current as a function of supply voltage 
for the CA3041 integrated circuit: (a) test cir- 


cuit; (b) voltage-current curves. 
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by the Zener diodes adds to the circuit current at supply 
voltages (at terminal 14) above 10 volts. The voltage dif- 
ference between curves A and C at a total drain of 25 
milliamperes indicates a tolerance of less than +5 per 
cent on the Zener voltage. 


The voltage-current curves for the CA3041 and CA3042 
differ because the current for the final amplifier stage is 


44 


40 


SUPPLY CURRENT—mA 


(b) 


Fig. 4 — Supply current as 


OS 


drawn from the main dropping resistor in the CA3042 and 
through an external resistor in the CA3041. Fig. 5 shows 
the dc voltage-current relationship for the audio-amplifier 
stage in the CA3041. The stage is self-biased by the 100- 
kilohm resistor between terminals 6 and 7 so that a unique 
curve is formed. 


A-MIN. ZENER MAX. CIRCUIT CURRENT 
B-MIN. ZENER MIN. CIRCUIT CURRENT 
C-MAX. ZENER MAX. CIRCUIT CURRENT 
D-MAX. ZENER MIN. CIRCUIT CURRENT 
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a function of the supply volt- 


age for the CA3042 integrated circuit: (a) test 


circuit; (b) voltage 


(a) 


-current curves. 


SUPPLY CURRENT—mA 


COLLECTOR SUPPLY VOLTAGE 


(b) 


Fig. 5 — Collector characteristic of the audio-amplifier 
stage of the CA3041 integrated circuit: (a) test 
circuit; (b) voltage-current curves. 


URGE 


Solid State 
Division 


37 


Linear Integrated Circuits 


Application Note 
ICAN-5831 


Application of the RCA-CA3044 and CA3044VI 


Integrated Circuits 
in Automatic-Fine-ITuning Systems 


by 


W. M. Austin, H. M. Kleinman, and J. Sundburg 


This Note describes the use of the RCA-CA3044 
and CA3044V1 integrated circuits as automatic-fine-tun- 
ing (AFT) system components and discusses the advan- 
tages of integrated circuits in this application. The 
CA3044V1 is electrically identical to the CA3044, butis 
supplied with formed leads for easier printed-circuit- 
board mounting; throughout this Note a reference to the 
CA3044 implies a similar reference to the CA3044V1. 


The RCA-CA3044 is a special-function subsystem 
integrated circuit that represents a second generation of 
the AFT integrated circuit, the CA3034, that was de 
signed specifically for frequency-control applications. 
The CA3044, unlike the CA3034, has an internal zener- 
regulated power supply that improves performance and 
reduces system cost. It is designed to replace the 
CA3034 in similar applications with only minor changes 


in the system circuit. 


Circuit Description and Operation 

The schematic diagram of the CA3044 is shown in 
Fig. 1; the use of the circuit in a typical automatic-fine- 
tuning (AFT) system for a color television receiver is 
shown in Fig.2. In such a system, the CA3044 provides 
all of the signal-processing components needed (with the 
exception of the tuned phase-detector transformer) to de- 
tive the AFT correction signals from the output of the 
video-if amplifier. The other components of the system 
provide signal coupling and power-supply decoupling as 
required for proper signal processing in the video inter- 
mediate-frequency range. 


The CA3044 integrated circuit can be considered as 
the combination of four functional blocks: a limiter- 
amplifier, a balanced detector, a differential amplifier, 
and a regulator. The 45-MHz limiter-amplifier composed 
of Q; and Q» is a differential amplifier that supplies a 
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peak-to-peak output current of approximately 4 milliam- 
peres for input levels above the limiting threshold. The 
use of a load impedance which does not exceed 2000 
ohms guarantees an excellent limiting characteristic and 
eliminates detuning effects caused by saturation of the 
amplifier under worst-case conditions. In the system 
shown in Fig.2, the load impedance at the center fre- 
quency is about 1800 ohms. 
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Fig.1 - Schematic diagram of the CA3044 and CA3044VI. 
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Fig.2 - System diagram of a typical automatic-fine- 
tuning (AFT) application showing the CA3044 
or CA3044V! in use in a color-TV receiver. 
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The diode matrix composed of Dy, Do, D3, and D4 
constitutes a balanced detector that converts the output 
of the phase transformer to a filtered dc signal. Diodes 
D, through Dy perform the detection function. Diodes 
D7 and Dg are always reverse-biased and serve as cap- 
acitors; they filter the output of the detector in conjunc- 
tion with Rg through R15. Diodes De and De areincluded 
to balance the parasitic diodes that exist between the 
cathodes of Dy and D3 and the substrate. 


Transistors Q3, Qy, and Qc form a constant-current 
driven differential amplifier that is directly coupled to 
the output of the detector. The amplifier contributes 
greatly to the high sensitivity of the system and, in addi- 
tion, provides sufficient power to allow the use of a low- 
cost tuning element. The output impedance at either 
output of the amplifier is approximately 12,000 ohms. 

The zener-diode regulator comprising Dio and Dy 
provides the regulation necessary for a differential 
post-detection amplifier output that is both stable and 
independent of temperature and power-supply variations. 
The junction of Djg and Dj is connected to a bias 
divider network that assures correct base bias on both 
differential- amplifier pairs. 

During normal operation, the proper dc bias for ter- 
minals 1,3, and 7 of the CA3044 is supplied through 
terminal 6 and external rf coils, as shown in Fig.2. RF 
bypassing is required both for terminal 6 and for ter- 
minal 10, which is connected through the primary wind- 
ing of the detector transformer to terminal 2. 


Operating Characteristics 


The CA3044 is designed to operate from supply vol- 
tages greater than the zener regulating voltage; because 
the zener-diode voltage varies from 10.5 to 11.9 volts at 
the 14-milliampere current-drain level, the supply vol- 
tage should be greater than 15 volts for proper regula 
tion and circuit operation. The effect of all component 
and power-supply tolerances on zener regulating current 
must be taken into account in calculation of the value 
of the series regulating resistor R, shown at the top of 
Fig.2. In the typical circuit shown in Fig.2, power is 
supplied to terminal 10 of the CA3044 from a +30-volt 
supply through a 1500-ohm series dropping resistor. 
The recommended value of R, can be determined for 
other supply conditions by use of the curves in Fig.3, 
which show current at terminal 10 as a function of sup- 
ply voltage.” An Rg, load line may be drawn through 
the safe operating area to show extremes of voltage and 
current for normal variations in product. Safe operation 
with proper regulation is achieved on any load line that 
avoids the lower cross-hatched area and does not ex- 
ceed the allowable maximum dissipation as determined 
for a given ambient temperature. The cross-hatched 
area represents voltage-regulation dropout resulting from 
an insufficient amount of zener-diode current. 


* This type of curve is described in RCA Application Note 
ICAN-5765, ‘‘Power-Supply Considerations for CA-3041 and 
C 4-3042 Integrated Circuits.”’ 
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Fig.3 - Curves for determining the zener-diode regulating 
voltage at terminal 10. 


The maximum value of R, is determined by con- 
struction of a load line from the minimum supply voltage 
(Vcc) to the upper right corner of the cross-hatched 
area. The largest standard resistor having a maximum 
value (including tolerance) smaller than the slope of 
this line is selected. Dissipation under the worst-case 
conditions of minimum R, and maximum Vcc must then 
be checked to assure compliance with the maximum 
device ratings. 

The dissipation rating of the CA3044 is 830 milli- 
watts at an ambient temperature of 25°C. At ambient 
temperatures above 25°C, this maximum value must be 
derated by a factor of 5.6 milliwatts per degree. Fig.4 
shows the permissible dissipation of the CA3044 as a 
function of ambient temperature. The worst-case dis- 
sipation may occur at either a voltage or a current max- 


imum. The equation for total dissipation Py in the 
CA3044 is 
mee CC. P10)” Vay 
Rg 


where Vj is the voltage at terminal 10 and Vcc is 
the power-supply voltage supplied through the series 
dropping resistor R, to terminal 10. The permissible 
ambient-temperature operating range for the CA3044 is 
w 55°C to 4125°C. 


Dynamic Performance 


The system diagram of Fig.2 shows the CA3044 in 
its function as rf amplifier, frequency discriminator, and 
post-detection differential dc amplifier. The circuit 
shown is a portion of a color television receiver in 
which critical tuning is essential because of the pre 


sence of the color subcarrier and its sidebands. The 
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Fig.4 - Dissipation rating of the CA3044 and CA3044VI 

as a function of ambient temperature. 
CA3044 AFT system provides a uniform and accurate 
tuning reference. When the correction voltage develop- 
ed at terminals 4 and 5 of the CA3044 is sufficient, the 
system locks on the picture-carrier intermediate fre- 
quency and holds the tuner oscillator within +25 kHz 
of the picture carrier so that a high-quality picture is 
produced at all times. Operation within such a narrow 
band of oscillator frequencies represents a color-refer- 
ence deviation of less than 5 per cent from the +500- 
kHz color-subcarrier sidebands; this deviation is in 
general far smaller than the amplitude and phase-change 
errors that are introduced by other receiver and trans- 
mitter functions. 

The system shown in Fig.2 can be used in a typical 
color receiver. The sampling connection from the pic- 
ture-if amplifier to the AFT circuit is made from the out- 
put of the last if stage directly to the input of the 
CA3044 rf amplifier. The loading effect of the AFT- 
system coupling circuit on the picture-if amplifier is 
negligible and does not distort the if response. Unless 
provision has been made to trap out the adjacent-chan- 
nel sound carrier elsewhere in the circuit, such action 
must be taken at the input to the CA3044. Trapping of 
the adjacent-channel sound carrier is essential because 
it may have sufficient amplitude to cause limiting at the 
rf amplifier/limiter stage of the CA3044. The trapping 
circuit, composed of L3 and C3 in Fig.2, also helps to 
peak the picture carrier at 45.75 MHz while trapping the 
adjacent-channel sound carrier at 47.25 MHz. To com- 
pensate for anif response that places the picture carrier 
at the 50-per-cent point on the if slope, the input trap 
should be adjusted topeak theresponse above 45.75 MHz at 
the input to the CA3044. 

Proper dc biasing of the amplifier/limiter stage 
composed of Q, and Qo» requires that a small choke, 
Ly, be used to couple terminal 6 to terminal 7. The 
common bias connection at terminal 6 is bypassed with 
a 0.001-microfarad disc capacitor. No form of external 
de connection should be made to either terminal 6 or 
terminal 7. 

The output load on the differential amplifier con- 
sists of the impedance of the phase-shift transformer 
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comprising L, and Ly. The differential-amplifier stage 
assures symmetrical limiting above 100 millivolts at 
the input of terminal 7. The primary of the phase-shift 
transformer is typically tuned to 46.1 MHz as an addi- 
tional error-correction device to help peak the picture 
carrier at 45.75 MHz. The secondary is tuned to 45.75 
MHz and symmetrically drives the double-balanced de 
tector comprising diodes Dy, Do, D3, and D4. The 
detector diodes D, through Dy minimize frequency shift- 
ing by symmetrically loading the discriminator trans- 
former. Symmetrical loading is assured by diodes D 

and Dg, which are used as capacitors to balance the 
inherent substrate capacitances associated with D> and 
D3. 

The error signal detected by the double-balanced 
detector is filtered by the 6000-ohm resistors Rg Ryo; 
Ry 1, and Ry» and diodes D7 and Dg at the inputs to the 
differential output amplifier composed of Q3 and Q4: 
The differential output amplifier is compensated for all 
temperature-change effects including those of the zener- 
diode regulator. In the absence of an error signal, out- 
put terminals 4 and 5 are at a dc level of 6.5 volts; in 
mistuning or frequency correction, the output level 
varies from 33 to 85 per cent of the zener-regulated vol- 
tage over the +25-kHz limits. Fig.5 shows the typical 
narrow-band response of the system shown in Fig.2; 
Fig.6 shows the wide-band response. The curves shown 
are characteristic of the Fig.2 circuit for an input rf 


signal level of 200 millivolts rms at terminal 7. Both 
narrow- and wide-band response characteristics are a 


function of the CA3044 limiting level. The narrow-band 
crossover slope decreases and the wide-band response 
becomes narrow as the signal level decreases. 


The reference levels(A, B, C, and D) indicated on 
the curves of Fig.5 and 6 refer to the narrow- and wide- 
band control points expressed as a percentage of the 
zener reference voltage at terminal 10. References A 
and B are narrow-band (+25-kHz) control points at 85 
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Fig.5 - Typical narrow-band dynamic control voltage 
characteristics. 


CORRECTION 
CONTROL VOLTAGE 
TERMINAL 4 


CORRECTION 
CONTROL VOLTAGE 
TERMINAL 5 


OUTPUT VOLTS —v 


=5 ==] =0:5'» 457750 0.5 | 5 
INPUT FREQUENCY DEVIATION —MHz 


Fig.6 - Typical wide-band dynamic control voltage 
characteristics. 


and 33 per cent of the terminal 10 reference voltage, 
while references C and D are the wide-band (+0.9-MHz) 
control points at 75 and 43 per cent of the same voltage. 
The dynamically controlled test circuit for measuring 
performance in the recommended application circuit is 
similar to that circuit and is shown in Fig.7. The cor- 
rection voltages from terminals 4 and 5 are applied to 


REF. A 
O 


SIGNAL 


GENERATOR 


L;_ IS ALIGNED FOR SYMMETRICAL BANDWIDTH ON 
EITHER SIDE OF 45.750 MHz. OR EQUIVALENT. 


Lz IS ALIGNED FOR ZERO DIFFERENTIAL OUTPUT La: TRW PART No.23755 
BETWEEN TERMINALS 4 AND 5 AT f, = 45.750 MHz. OR EQUIVALENT. 


Ly: TRW PART No.23754 


Fig.7 - Correction voltage test circuit for the CA3044 
and CA3044VI. 


the tuning elements of the voltage-controlled oscillator 
portion of the uhf and vhf tuners. These voltages may 
be used single-ended and of either phase-polarity for 
uhf oscillator control. The vhf oscillator may be con- 
trolled with a push-pull output to assure attainment of 
maximum tuning range. The channel-tuning defeat- 
switch function is normally accomplished by shorting 
the control-voltage terminals 4 and 5 together. For fil- 


tering purposes and to protect the integrated circuit, it 
is best to include a shunt capacitor and series resistor 
between the tuning elements and terminals 4 and 5; in 
Fig.2, 1000-ohm resistors and 0.001-microfarad feed- 
through capacitors are used. 


Fig.8- Printed circuit board containing the circuit of 


Fig.2. 
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Construction 


Fig.8 shows a circuit board containing the circuit 
of Fig.2; Fig.9 is an unobstructed view of the printed- 
circuit board used. The location and orientation of the 
discriminator transformer coils affect the over-all re 
sponse of the circuit; therefore, their placement should 
be given the greatest attention. Because the metal pat- 
tern must be taken into account in component placement, 
some experimentation may be necessary to achieve the 
best results. It is recommended that the circuit be 
shielded to prevent radiation of the 45.75-MHz signal. 


Fig.9 - An unobstructed view of the top (a) and bottom 
(b) of the printed circuit board used in Fig.8. 


The circuit described in this Note has been dup- 
licated many times with both hand-made and commercial 
coils. Alignment has always been rapid and positive 
and the performance extremely uniform. 
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Feedback-Type Volume-Control Circuits for 
RCA-CA3041 and CA3042 Integrated Circuits 


by 
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This Note describes feedback-type volume controls 
for use with RCA-CA3041 and CA3042 integrated cir- 
cuits in television receivers. In television sets using 
these integrated circuits, the volume control is often 
located remote from the amplifier. The long leads re- 
quired in such a configuration sometimes pick up un- 
desirable signals that, in turn, cause the system to 
exhibit hum and noise at low volume levels. The pro- 
posed feedback-type volume control reduces hum and 
noise pick-up by reducing the gain of the system rather 
than the signal level, and thus eliminates the cost of 
shielding the leads. 


Types of Volume Controls 


Fig.1 shows a conventional or ‘‘losser’’ type of 
volume control that is susceptible to hum and noise. 
When the input impedance of the amplifier is high, the 
input voltage Ej and the output voltage Eo depend on the 
voltage division between resistances Rj and R2. The 
gain of the amplifier is constant, but the input signal is 
increased or decreased according to the potentiometer 
rotation. 


Fig.1 - Conventional volume-control circuit. 


Fig.2 shows the basic variable-feedback volume 
control.* When the wiper arm of the potentiometer is 
close to the input terminal, which has a signal input Es, 
the gain of the system is essentially the open-loop 
gain Ao. As the wiper arm approaches the output termi- 
nal, the gain is reduced to a closed-loop value Ac 
according to the following formula: 


1 + BAo 


where BP is the feedback factor. 


Ac 


* RCA Linear Integrated Circuits, Technical Series IC-41, 
‘Integrated-Circuit Operational-Amplifier Configuration,’’ 
pp.73-112, RCA Electronic Components, Harrison, N.J. 
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Fig.2 - A variable-feedback volume-control circuit. 


Feedback Control 


Fig.3 shows the equivalent circuit of a feedback 
control. Gain control in this circuit is provided by the 
potentiometer, which varies according to the resistance 
ratio of Rg and Rf. The system gain Eo/Eg for this 
circuit can be described by the following equation: 


(1) 


where Ej and Eg are the output and input signal levels, 
respectively; g,, is the transconductance of the amplifier 
device; and Gg, Gf, Gi, and Gy are the conductances of 


the source, feedback, input, and load resistances, 
respectively. 
RotR¢ 
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Fig.3 - Equivalent circuit of a feedback volume control. 


When the control is set for maximum gain (Rs = 0; 
Gg = 00), the system reduces to the following expression: 


(2) 


Ry, + R¢ 


At the minimum-gain setting, the gain of the system 
is given by 
Eo h 1 


_ _ 
eee Et areceneeune onsen ea eres crore ISD 


a nenee (3) 

guonity picks G;+G, tg 1+R low te og 
° SS ieee: akRneike oat 

The resistance R¢ of Eq.(2) and the resistance Rg of 
Eq.(3) are the same because they represent the total 
resistance of the volume-control potentiometer. If the 
value of R¢ in Eq.(2) is made large with respect to the 
load resistance RL, the gain and maximum volume reduce 


to the familiar expression g,,RL. 


Eq.(3) shows that the gain of the system is not 
zero at the minimum volume setting. For both the RCA- 
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CA3041 and CA3042 integrated circuits, typical values 
encountered indicate that the expression is dominated 
by the transconductance g,,. Substitution of typical 
values in Eq.(3) shows that the minimum-voltage gain 
of a 0.25-megohm volume control is of the order of 98 dB 
and 136 dB belowthe maximum gain for the RCA-CA3041 
and CA3042 circuits, respectively, which is well below 
the normally acceptable residual levels. 

Loudness Contouring 


A desirable feature of audio systems in which low- 
frequency overload may be encountered is bass roll-off 
at high volume levels. The low-frequency overload may 
result because of limited amplifier power output or an 
inadequate loudspeaker. In either case, an unpleasant 
‘‘honking’’ can be avoided by use of variable low-fre- 
quency cut-off. This cut-off is achieved by use of the 
characteristics of the circuit shown in Fig.3. The input 
impedance Zj of the system, as shown in Fig.3, is 
as follows: 


1 + Gy Rg 
Zit Ret 
Gi +Gy, +en + GiGy R¢ 


(4) 


If the total resistance of the volume-control potentiometer 
is denoted by Ry, the input impedance at minimum vol- 
ume Zj (min) is given by 


(5) 


x Ry 
Git Gr eo, 


At maximum volume, the input impedance Zj (max) changes 
to the following expression: 


Zi (min) = Ry + 


1 + GL Ry 

Gi +Gy te, + Gi GLRy 
Thus, the input coupling capacitor can be selected to 
roll off at the desired frequency at maximum volume with 
assurance that at lower volumes the lower frequencies 
will be enhanced. With typical device parameter values 
of the CA3041 or CA3042, the input impedance reduces to 
approximately 10,000 ohms at maximum volume. When 
the CA3041 and CA3042 are used in the circuits shown 
in Figs.4 through 8, the input impedance at minimum 
volume is essentially the resistance of the volume con- 
tro] used. 


(6) 


Z; (max) = 


Fig.4 shows a diagram of a feedback-type volume- 
control circuit for the CA3041. This circuit offers en- 
hanced power output and gain as compared to a conven- 
tional ‘‘losser’’ type of volume-control-circuit such as 
that shown in Fig.5. At a carrier frequency of 4.5 MHz, 
the circuit provides one watt of power output at +8.5-kHz 
deviation. In this circuit, the coupling capacitor and 
the resistor to the grid of the output tube are eliminated. 
This arrangement offers cost savings because it uses 
fewer parts and is easier to assemble. 


Fig.6 shows a circuit in which the CA3042 is used 
in a feedback control. The circuit shown in Fig.6 can 
provide 2 watts of audio power output at +7-kHz maximum 
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Fig.4 - A feedback volume-control circuit 


for the RCA-CA3041. 
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Fig.5 - A conventional volume-control circuit 


for the RCA-CA3041. 
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Fig.6 - A feedback volume-control circuit 


for the RCA-CA3042. 


Fig.7 - A conventional volume-control circuit 


for the RCA-CA3042. 
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Fig.8 - A low-cost feedback volume-control circuit 


for the RCA-CA3042. 


frequency deviation from the 4.5-MHz carrier. This cir- 
cuit costs less than a conventional circuit such as that 
shown in Fig.7 because it uses smaller coupling ca- 
pacitors. 


Fige8 shows a very-low-cost circuit that provides 
essentially the same performance as the circuit shown 
in Fig.6. An additional capacitor and resistor are 
eliminated in this circuit. Although a steady-state cur- 
rent flows through the volume control, it is limited to 
about 1.5 microamperes under worst-case conditions. 
Because of the small but finite current flowing through 
R1, the current shifts in the output transistor as the 
control is rotated from minimum to maximum. The current 
deviation is +6 milliamperes maximum about the nominal 
value, and the flow is in a direction that reduces current 
at low volume and increases it at high volume. 


Tapers 


Because the gain of the system, rather than the 
input signal, is varied, the volume taper of a feedback 


control is characteristically different from that of a 
conventional ‘‘losser’’ type of control. Therefore, Eq.(1) 
can be rewritten as follows: 


E, 1+(1-a)GjRy(1+aRyGy)+Ry Gy tg, (1-a) 


(7) 


where the term Rf of Eq.(1) is replaced by (aRy) and 
Rg is replaced by (1l-a)Ry. The gain then becomes a 
function of the term a, which expresses the taper of the 
control. Curves of this equation for various tapers are 
shown in Fig.9. 


The exponential functions of the taper factor, a, 
actually define the familiar logarithmic tapers; however, 
they are arranged counterclockwise so that, as the con- 
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trol is rotated clockwise, the resistance increases very 
rapidly at first and then more slowly toward maximum 
resistance. A linear taper (bottom curve of Fig.9) ex- 
hibits almost a step-function response, while the para- 
bolic taper is slightly smoother. Clockwise log tapers 
fall below the linear-taper curve, and are thus totally 
unacceptable. The controls which are probably most 
satisfactory are those which correspond to very-low- 
percentage counterclockwise log tapers.* 


* The percentage taper is calculated as follows: 


Raneasured from start of control to wiper arm) 100 
eee >< 
Total resistance 4 


The measurement is taken at 50-per-cent rotation of the con- 
trol. 


Fig.9 - Gain as a function of rotation for various 
types of potentiometers. 
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A Single IC for the Complete 
PIX-IF-System in TV Receivers 


by S. Reich and R. T. Peterson 


The RCA CA3068 linear integrated circuit is a PIX-IF-sub- (3) Noise-limited amplification of detected video 
system in a shielded quad-formed dual-in-line plastic package ; My év citcnit 
of 20-lead configuration. This package contains all the active Gyro Reyed AGC, Wns. Sa 
devices and most of the passive elements necessary for a high (5) AGC delay for tuner RF stage 
performance, PIX-IF-system for a TV receiver. This Note (6) Buffered output signal to drive Automatic-Fine-Tuning 


describes the receiver functions performed by the CA3068, (AFT) circuits 

and its application to color and black & white TV receivers. (7) Amplification of intercarrier frequencies 
Specifically, the receiver functions performed by the (8) Sound-cairier detection 

CA3068 are: ie rath 

(1) Video IF Amplification (9) Sound-carrier amplification 

(2) Linear video detection (10) Zener reference diode for voltage regulation. 
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Fig. 1— Block diagram of a typical color TV receiver utilizing the CA3068. 


The only external components required for the operation 
of this IF subsystem are bandwidth shaping networks, biasing 
networks and a power supply. A complete functional block 
diagram of a typical color TV receiver is shown in Fig. 1. A 
detailed block diagram of the CA3068, together with its 
peripheral tuned-circuits, is provided in Fig. 2. It should be 
noted that the circuit functions performed by the CA3068 
represent a breakthrough in terms of IC design for PIX-IF 
systems, and that these circuit functions are accomplished 
without compromise in quality of performance. 

This Note contains a detailed description of circuit 
functions within the integrated circuit, together with 
examples of the use of the CA3068 in actual PIX-IF 
amplifier PC-boards for color and black-and-white TV. 


General Description of Circuit Functions in the CA3068 

As shown in the block diagram of Fig. 2, the IF-signal 
from the tuner is applied to the input (terminal No. 6) of the 
cascode IF amplifier. Output from the cascode amplifier is 
then coupled to a wideband amplifier at terminal No. 13 
through the interstage transformer (T2). Under maximum- 
gain conditions the overall gain of the CA3068 is typically 
75 dB at PIX-IF frequencies. This signal is then applied to a 
linear video detector, whose output signal is fed to a video 
amplifier having a gain of 12 dB. 


BO AO 


AGC 
DELAY BIASC 
TO TUNER 


Fig. 


47 


Bandpass shaping is accomplished by means of tuned- 
circuits preceding the input stage (terminal No. 6) and at the 
interstage circuit comprising input and output terminations 
via terminals 9, 12 and 13 as shown in Fig. 2. Terminal 
No. 16 is tied in at this point to provide loop bias for the 
input stages of the amplifiers connected to terminals 12 and 
13. The AGC-voltage developed within the CA3068 is 
applied to its input stage by an external path from terminal 
No. 4 to terminal No. 6 through the input circuitry, as shown 
in Fig. 2. The developed-AGC is gated by a keying pulse 
applied to terminal No. 3 from the horizontal sweep circuit 
of the TV receiver. Delayed. AGC for the tuner’s RF 
amplifier is obtained from terminal No. 7; the delay is 
variable by adjustment of a resistance (25k2) in series with 
the supply to terminal No. 8. 

The zener reference voltage for the power-supply 
regulating pass-transistor is developed at terminal No. 18 
when this terminal is connected to a voltage supply through a 
current limiting resistor. This resistor value should be 
selected to provide a quiescent current into the zener of 0.5 
to 1.5mA (excluding the base current for the pass transistor). 

Terminal No. 15 is the dc input terminal that provides 
power for most of the CA3068 and should be connected to a 
regulated supply of 11.3V. The CA3068 package has a 
20-lead configuration with 18 active terminals. Terminal Nos. 
11 and 20 have been omitted from the package; their 
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2— Detailed block diagram of CA3068 showing interconnections with external components. 
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corresponding leads are internally connected to the shield. 
Terminals Nos.1&5 are grounding pins. In addition, 
terminals Nos. 10 & 14 (not shown in Fig. 2) are at ground 
potential. Additional information relative to dc grounding is 
given in the section that discusses IF design. 

Detailed Circuit Functions 

A simplified schematic diagram of the CA3068 appears in 
Fig. 3. The diagram is partitioned to facilitate the explana- 
tion of the circuit configuration and its functions. Similar 
circuit function designations are used in the block diagram 
shown in Fig. 2. 

The cascode input amplifier (1st IF) is a unique circuit 
designed for dual-mode operation. At low level input signals, 
the buffer stages formed by Q19 and Q20 drive the base of 
the cascode — IF amplifier comprised of Q3 and Q2. 
Negative-going AGC is applied to Q19 (through an external 
connection to terminal No. 6) which increases in proportion 
to the increase of the input signal level. After approximately 
40dB of gain reduction is reached in this operational mode, 
Q3 is cut-off, and its function is assumed by Q4. Emitter 
degeneration in Q4 increases the dynamic input range of the 
cascode amplifier sufficiently to cope with the higher range 
of input signal level. The point at which Q4 assumes the 
input amplifier function is sensed by QI]. It should be 
understood that transistors Q1, Q20 and Q3 approach cut-off 
at essentially the same signal level. As Q1 approaches cut-off, 
it draws less shunting current from terminal No. 8 and base 
current drive to Q21 is increased. The point at which 
sufficient base current is available to drive Q21 into 
conduction is determined by an external delay-AGC poten- 
tiometer connected in series with the V+ supply-lead and 


terminal No. 8. As Q1 cuts-off, the current flowing into 
terminal No.8 is diverted to the base of Q21. When Q21 
starts to conduct it turns on Q5, thereby causing the 
open-circuit voltage at terminal No. 7 to drop and produce a 
negative-going AGC voltage for the tuner’s RF stage. Q21 is 
also part of the IF-AGC feedback loop and provides an 
increase in AGC loop-gain. This increase compensates for the 
decrease in AGC loop-gain that occurs when the cascode-IF 
amplifier is transitioned to its modified cut-off characteristic. 
After tuner gain reduction has reached its maximum, an 
additional 10dB of gain reduction can be obtained in the 
cascode amplifier under this modified cut-off condition. 

This reverse AGC system is used for the cascode input 
stages because the stability achieved under maximum-gain 
conditions is maintained throughout the range of AGC 
functioning. 

The wideband-IF amplifier consists of transistors Q6, Q7 
and Q8. Q6 serves as a buffer stage between the interstage 
tuned-circuits and the AFT output signal terminal. The 
actual IF signal amplification takes place in Q7 and Q8, 
effectively serving the function of 2nd & 3rd PIX-IF stages. 
Transistor Q8 is the driving source to Q22, the video 
detector. This driving source impedance is approximately 
500 ohms as a result of the degenerative feedback loop 
through R13. The feedback network also extends the 
3dB-down frequency response to beyond 70 MHz. It is this 
low detector driving point impedance and the absence of a 
tuned-circuit at this interstage point that contribute to the 
superior performance of the detector system. In most 
conventional detection systems, the detector is driven from a 
high-impedance source involving a double-tuned interstage 
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Fig. 3— CA3068 — Simplified schematic diagram. 
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transformer with unequal primary and secondary Q’s. In such 
a system, variations in detector impedance (caused by normal 
video excursions) can produce significant phase shifts that 
adversely affect color fidelity. In the CA3068, the untuned, 
low-impedance detector drive circuit produces a nearly 
optimum condition for the detector circuit. 


The detector circuit consists of transistor Q22 and its 
biasing network Q9, Q23 and R19. Q23 is biased to the same 
potential as Q22 because the bases are tied together through 
the resistance element of the low pass filter that consists of 
R18 and Cl. R19 and C2 form a conventional peak detector 
in which the time constants are selected for optimum 
detector efficiency and desired video bandwidth. This system 
detects chroma subcarrier without introducing differential 
phase errors as a function of the video signal, and detects the 
video signals with a minimum of amplitude distortion. The 
low signal-level requirements for the detector, the absence of 
tuned-circuits in the detector drive circuit, and the low 
source impedance for the detector, all contribute to the 
superior detector performance. 


The video detector is direct-coupled to the video 
amplifier. Consequently, a dc input voltage above the level of 
one Vbe (0.7V) drop at the input to Q12 determines the 
condition for white level (dc) at the output (terminal 
No. 19). It is, therefore, necessary to prevent the conduction 
of Q12 in the absence of detected video. This function is 
accomplished by the differential amplifier circuit arrangement 
consisting of transistors Q10 and Q24. In the absence of 
signal. the dc potential at the emitters of Q1O and Q24 is 
identical. The current through Q10 must equal the current 
through Q24, because R21 is similar in value to R22. This 
current also flows through D2 (which has the same geometry 
as Q11). Consequently, Q11 carries all the current supplied 
by Q24 and no current is available for D3, so that Q12 is 
held on the edge of conduction. When an RF carrier is 
present, the current in Q24 increases in direct proportion to 
the carrier level. However, the current in Q10 remains fixed. 
When the current increases in Q24, this increase can only 
flow through D3. Since the current in Q12 is directly 
proportional to the current in D3, increased current flow in 
D3 causes a corresponding increase in current through Q12, 
and produces a video output at terminal No. 19. 


As the video carrier signal increases, the dc level at the 
base of Q12 increases, and there is an accompanying decrease 
in the dc level at the base of Q25 and at terminal No. 19. 
With a sufficiently strong RF signal, the current through Q12 
and R23 increases such that the base voltage of Q25 is driven 
toward dc ground. The “bottoming” level, at terminal 
No. 19, under nominal signal conditions is locked to about 
0.8V as a result of the high loop gain of the AGC system. 
Any further increase in the signal, after “bottoming” is 
reached, will be clipped. This operational feature serves as a 
highly effective mechanism to limit impulse noise. 


When a signal is present at the input, the composite video 
signal appears at the emitter of Q25. The sync tips in this 


composite waveform drive the keyed AGC amplifier Q13 
which in turn drives Q14. Without a video RF signal there is 
no video signal output and Q13 conducts during the keying 
intervals, (horizontal pulse connected to terminal No. 3). As 
the detected signal level increases in amplitude and the 
output voltage at terminal No. 19 approaches its typical 
operational level of 7.0 volts peak-to-peak, the peak potential 
at the base of Q13 begins to fall below 0.8V. Under these 
conditions, the keying current formerly channeled through 
Q13 is diverted through the diode D4. As the signal level rises 
even higher, a greater portion of the Q13 collector current is 
diverted through D4 and the base current to Q14 is 
proportionately increased. A 10uF capacitor is normally 
connected between terminal No.4 and ground and is, 
thereby, connected in shunt with Q13. The charge on this 
external capacitor is maintained through a bleeder resistor to 
V+. As the base current to Q14 increases, Q14 discharges the 
capacitor at a rate that is proportional to the base current of 
Q14. Integrating the total charge on the capacitor over the 
keying interval yields a dc level (AGC voltage) that is 
inversely proportional to the incoming signal level, ie. AGC 
voltage approaches zero as the signal increases. 


Any high performance AGC system must have noise 
immunity characteristics in order to avoid the establishment 
of false AGC levels. AGC voltage developed from random 
noise can produce “wash-out”, “blank raster” and/or a 
momentary “loss of sync”. The CA3068 is designed with an 
improved noise immunity circuit that essentially removes the 
keying current during periods of high noise input. The active 
devices responsible for providing protection against this 
deleterious effect of the impulse noise are the “noise 
detector’, Q26, and the “noise clamp” Q15. Impulse noise is 
channeled through the high pass filter network consisting of 
C3 and R27 to the detector input Q26. Q26 and C4 comprise 
a conventional peak detector. The dc level across C4, which 
is proportional to the level of impulse noise, turns on Q15, 
thereby clamping the keying supply voltage (terminal No. 3) 
to ground. In actual operation, the terminal No. 3 supply has 
a series resistance that is large enough to limit the peak 
current into the zener diode (Z5) to approximately 0.8mA. 
When Q15 conducts it shunts this current to ground. 


The sound-IF-channel and PIX-IF-channel signals whose 
“carrier” frequencies are 41.25 MHz and 45.75 MHz respec- 
tively, are applied to terminal No. 12. Q16 functions as a 
buffer between the interstage-tuned-circuits associated with 
terminal No. 12 and the PIX/sound-channels amplifier Q17. 
The intercarrier frequency (the difference frequency between 
the PIX and sound “‘carrier” frequencies) is detected by the 
peak detector Q27 and CS. The resultant 4.5 MHz FM 
sound-intercarrier signal is fed to transistor Q28. This 
transistor and Q18 form a differential pair that provides an 
amplified intercarrier sound-IF signal to the base of Q29. A 
feedback system through the RC networks in the emitter of 
Q29 provides bandpass shaping in the region of 4.5 MHz 
while maintaining a low dc gain. The low level of dc gain is 
desirable because the circuit receives its bias in an open-loop 
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manner from terminal No. 16. The bandpass of this amplifier 
system is fairly broad and even though it is optimized for 
4.5 MHz operation, there is relatively high output at other 
intercarrier frequencies as shown in the curve in Fig. 4. 


RELATIVE SOUND CARRIER OUTPUT — dB 


FREQUENCY IN MHz 


Fig. 4— Relative sound-carrier output-vs-frequency. 


The internal zener reference-diode consists of the series 
diode arrangement shown connected between terminal 
No. 18 and the substrate. A regulator circuit configuration, 
showing the pass transistor interconnected with the reference 
diode, is given as part of the color and b&w IF amplifier 
circuits that are discussed in the following paragraphs. 
Similarly, the regulation curves shown in Figs. Sa and 5b will 
be discussed below in more detail. It should be noted that 
(with a proper heat sink for the 2N5183 and a lower value 
for the resistor in series with the collector) the regulated 
voltage from this supply may be used to provide power to 
other circuits in addition to the CA3068. 

The distribution of tuned circuits around the CA3068 
amplifier circuit is a matter of preference by the circuit 
designer. In general, a total of five tuned circuits will be 
required subsequent to the mixer for proper selectivity and 
band-pass shaping. In addition, at least one 47.25 MHz 
adjacent sound-channel and one 41.25 MHz sound-channel 
traps will be required. The systems to be discussed in this 
application Note are driven from a single tuned circuit 
connected to the mixer output. 

In addition, both the color and b&w IF systems 
described subsequently utilize two double-tuned circuits; one 
at the input to the cascode amplifier and one at its output. 
The second transformer is used to couple output from the 
cascode-IF amplifier to the wide-band IF amplifier (i.e. the 
output from terminal No. 9 to input terminal No. 13 for the 
PIX-channel and input terminal No. 12 for the sound- 
channel). All the IF transformers are synchronously tuned. 
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FOR CA3068 


REGULATOR VOLTAGE (VOLTS) 


(b). REGULATOR CURRENT (mA) 


Fig. 5— Regulated supply of CA3068 (a) Voltage-vs-current 
for zener reference diode of CA3068 (b) Voltage-vs-current 
for regulated supply of CA3068. 


The IF system for a color-tv receiver was designed to 
Operate with a tuner containing an MOS field-effect 
transistor RF amplifier to illustrate the operation of the 
CA3068 with a “reverse”? AGC arrangement. In contrast, the 
IF system for a b&w receiver was designed to operate with a 
tuner containing a bipolar transistor in the RF amplifier, to 
illustrate the operation of the CA3068 with a “forward” 
AGC arrangement. 


IF Design for Color-TV Receiver 

The circuit diagram of the IF system for a color receiver 
is shown in Fig. 6a. A schematic drawing of the PC board 
component layout and an actual size bottom view of the PC 
board are shown in Fig. 6b and 6c, respectively. The basic 
operation of the system may be explained by reference to 
the block and schematic diagram in Figs. 6a and 7. The input 
to the IF system is coupled through a 50 ohm cable from the 
TV mixer, that employs a single-tuned output coil having an 
impedance transformed down to 50 ohms. The input and 
interstage circuits include double-tuned over-coupled trans- 
formers. The IF input circuit drives a cascode-IF amplifier 
with a gain capability of 35 dB. The input impedance to the 
cascode IF-amplifier is greater than 4000-ohms at minimum 
signal levels and increases with AGC action. The source 
impedance as seen by the CA3068 is approximately 
500 ohms, which completely dominates the input circuit 
conductance node. Similarly, the output impedance of the 
cascode amplifier is loaded by a tuned circuit with an 
impedance of approximately 3000 ohms. Again, the tuned- 
circuit conductance dominates the output node. For this 
reason, the IF amplifier stability is unaffected by the IC 
impedance variations and is a function of the feedback 
component. This feedback component consists of coupling 
within the IC packaging, PC-board stray capacitances, and 
PC-board common impedances. It can be shown that with 
the maximum device feedback capacitance the amplifier is 
stable. For example, with circuit bias conditions of 
I9 = 2mA ; Y21=5Ommhos and Cfp (max) =0.005pf, the 
maximum usable gain (MUG) is 42 dB (which allows for a 
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20% skew factor). The fact that this value of MUG is greater 
than the actual circuit gain (35 dB) substantiates the stability. 

Although these calculations show the device to be 
theoretically stable, it must be realized that it is possible for 
external feedback mechanisms to, in effect, raise the level of 
feedback in any high-gain physically small RF amplifier and 
produce instabilities. For this reason, the PC-board layout is 
extremely important, and any high-gain IF amplifier design 
would be incomplete without a board layout such as that 
shown in Fig. 6b. 

As mentioned previously, the interstage transformer 
loads the cascade amplifier with approximately 3000 ohms. 
It provides a 500-ohm source impedance to the input 
terminal No. 13, (the wide-band IF amplifier section). The 
impedance at terminal No. 13 is approximately 5000 ohms. 
The driving-point impedance to the sound-IF terminal No. 12 
is about 1000 ohms and it looks into a 5000-ohm input 
circuit. 

The circuit design shown in Fig. 6a includes a 47.25 MHz 
bridged “T” adjacent-sound-channel trap at the input circuit. 
It may also be desirable to include a 39.75 MHz trap for 
adjacent video carrier when the receiver is intended for 
operation in CATV systems or in areas where adjacent 
channels are available. Such a trap may consist of a 39.75 
MHz bridge “T” connected in parallel directly across the 
47.25 MHz trap. The 41.25 MHz trap is a rejection filter for 
the video amplifier and allows the carrier to pass into the 
sound system. Both traps provide the additional selectivity 
necessary for attenuation of the undesired frequencies by 
more than 40 dB. 
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Fig. 6a— Schematic diagram and coil data. 
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Fig. 6b— Top view of circuit board layout. 
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Fig. 6c— Bottom view of color P.C. board. (actual size). 


The wide-band IF amplifier provides two extra stages of 
gain (approximately 40 dB). It presents a very low driving- 
point impedance to the linear detector, as described earlier. 
The detected signal then undergoes an additional 12 dB of 
video amplification. The video output at terminal No. 19 is 
nomimally 7 volts (peak-to-peak). AGC is developed when 
the input signal reaches and exceeds the magnitude necessary 
to produce this video output level. Fig.8a shows the 
developed AGC bias (terminal No. 4 voltage) as a function of 
signal level at terminal No. 6. Fig. 8b shows the delayed AGC 
voltage at terminal No. 7 (for application to the tuner) with 
R1 adjusted so that this delay-bias is generated whenever the 
IF input signal at terminal No. 6 exceeds 8mV. The curve in 
Fig. 8c depicts the over-all AGC characteristic in terms of 
AGC bias voltage at terminal No. 4 when the AGC system is 
adjusted to yield the curves in Figs. 8a and 8b. Similarly 
Fig. 8d shows the AGC characteristics when delayed-voltage 
from terminal No. 7 is applied to the tuner. 

Fig. 7 shows the CA3068 coupled to an RCA tuner that 
uses an RCA type 40820 MOSFET in the RF amplifier stage. 
AGC voltages are applied (shown in Fig. 7) to optimize over-all 
TV receiver performance; so that, when maximum receiver 
sensitivity is required, (such as during the reception of weak 
signals from the antenna), the tuner will operate at optimum 
noise factor and maximum gain. As the input signal level 
increases, it is still desirable to operate the RF stage at 
optimum signal-to-noise ratio until the signal level is of 
sufficient magnitude as to override any tuner noise degrada- 
tion brought about by the application of AGC. Therefore, 
the gain reduction voltage should be delayed to the tuner 
until the signal level builds up. Fig. 8b shows that this AGC is 
delayed until the IF signal level reaches an 8mV level. Then 
the tuner-gain-reduction mode is initiated. After the tuner- 
gain reduction is expended, at least another 10 dB gain 
reduction is still available in the cascode portion of the IF 
amplifier. 

An output signal is available at terminal No. 14 to drive 
an automatic-fine-tuning (AFT) subsystem-IC such as the 
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Fig. 7— Block diagram of a color IF system. 
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RCA Type CA3064. This connection is a buffered output 
from an emitter follower as described earlier. The level of 
signal at 45.75 MHz to drive the AFT circuit is nominally 
1SmV. 

The AGC system is, for the most part, self-contained. An 
optimized AGC response characteristic can be achieved by 
use of a high quality tantalum 10uF capacitor connected 
between terminal No. 4 and ground. The 1500-ohm series 
resistor connected between terminal No. 4 and the 0.005uF 
capacitor to ground form a decoupling network which 
smooths the AGC ripple associated with the charge and 
discharge of the 10uF capacitor, at the horizontal oscillator 
frequency rate. The AGC system is normally keyed from the 
horizontal output circuit in the TV system. This keying pulse 
should be applied to terminal No. 3. The magnitude of the 
pulse should be sufficient to supply a nominal peak current 
value of 0.8mA into terminal No. 3. The value of the series 
resistor Rg, associated with terminal No. 3 may be computed 
as follows: 


a. During the conduction period (with keying applied), the 
constant voltage components within the integrated 
circuit account for 


VK = 8.2V (it is assumed that 13 = 0.8mA) 


b. Ifthe keying pulse magnitude is Vp = 15V, then 
LyeVie (12) Oo) 


I3 = 0.8mA = 
Ry Rs 


R, = 8.5 kQ 


The sound output is derived from terminal No.2 at a 
level compatible with the input requirements of a TV 
sound IF-subsystem IC such as the RCA Type CA3065. There 
is also a dc component of approximately 6.7V present at 
terminal No. 2. Coupling networks to subsequent circuits 
must contain a suitable de blocking capacitor. 


Small chokes located in the sound and video outputs are 
self-resonating (terminals Nos. 2 and 19) at the intermediate 
frequencies to prevent IF leakage into subsequent stages. 

The CA3068 IF subsystem has an internal zener 
reference-diode for operation with an external voltage- 
regulator pass transistor. A suggested circuit arrangement is 
shown as part of the over-all IF schematic in Fig. 5b. The 
voltage-regulator pass-transistor has a nominal output voltage 
of 11.3V. Bypassing of the V+ supply with reference to the 
IF subsystem is important and the suggested arrangement 
shown in the schematic should be used. Specifically, the base 
of the pass transistor should be bypassed to ground. The 
emitter is bypassed to terminal No. 17 on the CA3068. Even 
though terminal No. 17 is at de ground potential it should 
not be tied to ground but rather should be bypassed in the 
manner shown, to avoid mutual impedance coupling within 
the CA3068. 
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Fig. 8— Color TV IF AGC characteristics (a) AGC voltage-vs-IF input signal (b) Delayed AGC-vs-IF input signal (c) AGC-vs- 


tuner input signal (d) Delayed AGC-vs-tuner input signal. 


The IF circuit shown in Fig. 6a was designed with two 
overcoupled IF transformers. The alignment procedure is 
straight forward and should follow the procedure given 
below: 


1. Apply a negative bias supply through a 470kQ series 
resistor to the terminal marked “gain adjust”’. This bias is 
intended to override the AGC loop-bias during the 
alignment procedure. 


2. Apply a swept signal from a terminated 50-ohm signal 
generator directly to terminal No. 6. This signal will, in 
effect, ““swamp” the response characteristic of the input 
circuit and enable alignment of the interstage trans- 
former. 


3. Adjust the level of the sweep generator so that 
approximately 2mV of IF signal (at carrier) is present at 
terminal No. 6. 


4. Advance the negative bias from the external AGC 
override supply so that 5 to 6 volts peak-to-peak of video 
output is present at terminal No. 19. 


5. Adjust the response characteristic so that the curve as 
shown in Fig. 9a is duplicated. 


6. (This step may be omitted). If observation of the input 
IF response is desired, it can be accomplished by the 
swamping of the interstage transformer with a parallel 
100-ohm resistor and .OluF bypass capacitor, and 


observing the response curve on an oscilloscope (shown 
in Fig. 9b) at terminal No. 19 while a swept IF signal is 
applied to the input terminal from a generator (50-ohm- 
source). The external bias must be adjusted to maintain 
the video output level at 5 to 6 volts peak-to-peak output 
2mV carrier present at terminal No. 6. 


7. Apply a 2mV IF signal to the system input from a 
50-ohm-source generator, then tune the input trans- 
former for an over-all response characteristic shown in 
Fig. 9c. The AGC override supply must be adjusted for 5 
to 6 volts peak-to-peak output at terminal No. 19. 


8. The overall response characteristic when the IF signal is 


applied to the mixer input is shown in Fig. 9d. The level 

of this IF signal is such as to keep the IF input at 

terminal No. 6 at 2mV, with AGC override adjusted for 5 

to 6 volts peak-to-peak output at terminal No. 19. 
IF Design for B&W Receivers 

The schematic diagram, PC-board layout and PC-board 
bottom view (actual size) of the IF system for ab & w 
receiver are shown in Figs.10a, b, c. Coil information is 
shown on the schematic. Alignment procedures are similar to 
those described above in the section that discusses the IF 
system for a color receiver. The curves shown in Fig. 11 
should be substituted for those cited for the color IF 
alignment procedure. These curves indicate a narrower 
bandwidth as reflected by the higher circuit Q’s of the 
interstage transformers used in the b & w receivers. 
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Fig. 9— CA3068-Color TV Waveforms (a) Video IF response of interstage transformer (b) Video IF response of mixer stage 
transformer (c) Video IF over-all system response (d) |F and mixer response. 
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Fig. 10a—Schematic diagram and coil data. 
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Fig. 10c— Bottom view of circuit board (actual size). 
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Fig. 11— CA3068 B&W TV waveforms; a) Video IF response 
of interstage transformer; b) Video IF response of 
input stage transformer, c) Video IF over-all system 
response, d) IF and mixer response. 


In the color-IF system, the delay AGC was used to 
control a MOSFET in the RF stage of the tuner. This type 
arrangement permits direct application of the delayed AGC 
voltage from the CA3068 to the tuner. In the system for a 
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b&w receiver the CA3068 AGC delay circuit is designed to 
control a bipolar transistor (which requires forward AGC) in 
the RF stage of the tuner. This function is accomplished by 
an inverter network utilizing a p-n-p transistor as shown in 
the circuit of Fig. 12. The forward-AGC delay is developed 
when the voltage at terminal No.7 decreases, as the input 
signal level is increased. Under maximum gain conditions, the 
AGC voltage applied to the tuner (Fig. 12) is 1.6V measured at 
the collector of the p-n-p transistor. As the delay AGC voltage 
is generated, the base of the p-n-p inverter is driven into hard 
conduction, causing more current to flow through the 
collector circuit so as to generate a positive (or forward) AGC 
potential for the bipolar transistor in the tuner. 
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Fig. 12— Block diagram of B&W IF system showing 
required peripheral circuitry. 


When incorporating RCA Solid State Devices in equipment, it is 
recommended that the designer refer to ‘Operating Considerations 
for RCA Solid State Devices’, Form No. 1CE-402, available on 
request from RCA, Commercial Engineering, Harrison, N. J. 07029. 


CONCLUSIONS 

A complete IF subsystem was described for both color 
and b&w TV Applications. The only signal inputs required 
by the CA3068 are IF signals from the tuner and a keying 
pulse from the horizontal circuitry. The CA3068 provides all 
outputs needed to drive the video output stage, delay line, 
sync separator circuitry, RCA type CA3065  sound-IF 
subsystem, RCA type CA3064 AFT subsystem, and delayed- 
AGC voltage for the RF stage in the tuner. Additionally, 
circuits for noise immunity and signal overload protection 
are designed into the CA3068. These subsystems have typical] 
input sensitivities of 100uV for 4 volts peak-to-peak video 
output. A unique video detector arrangement provides 
extremely linear output throughout the 7 volts peak-to-peak 
video output range of the system. 

Although this Application Note deals with subsystem 
designs in TV _ receivers, the CA3068 is suitable for 
performance in other AM systems requiring performance at 
frequencies within the range of 10-70MHz. 
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The RCA CA3048 integrated circuit is an array of 
four identical amplifiers, each with independent inputs 
and outputs, all on a single monolithic silicon chip. The 
circuit is housed in a 16-lead dual-in-line plastic pack- 
age. It has an operating and storage temperature range 
of -25°C to +85°C. Each amplifier in the array has a 
typical open-loop gain of 58 dB and input impedance 
of 90,000 ohms. The noise in the CA3048 is inherently 
very low and is tightly controlled in rigorous factory and 
quality-control testing. 


The combination of low noise, high gain, and high 
input impedance make, the CA3048 a very versatile unit. 
and numerous applications suggest themselves for its 
use. 


CIRCUIT DESCRIPTION 


Fig. 1 shows the complete schematic of the CA3048 
integrated-circuit amplifier array. Each amplifier (Ay 
through A4) provides two stages of voltage gain. 


The input stage is basically a differential amplifier 
with a Darlington transistor added on the one side. The 
output stage consists of a combination of three transis- 
tors and associated resistors connected in an inverting 
configuration. For example, in amplifier A3, Qj9 is the 
Darlington input transistor, and Qog and Qo, are the 


differential-pair transistors. The load resistor Rog for 
the differential input stage is located in the collector 
lead of transistor Qog: Transistors Q13, Qy4, and Q17 
are used in the output stage. Transistor Q17 is the ac- 
tual output transistor; transistors Q33 and Qi4 raise 
the input impedance of the output stage so that the load- 
ing of the 30,000-ohm source resistance Rog (i-e., load 
resistor for the differential-amplifier input stage) is 
small. The ratio of total collector resistance to emitter 
resistance [(R31 cr R39)/Rs | in the output stage is 
1000/200, or 5. In view of the small source loading, the 
Stage gain, therefore, is essentially equal to 5. 


A feedback network (R41 R42, R46 and Dz) is 
connected between the output terminal and the base of 
transistor Q5;. The resistor values are chosen so that 
the output transistor is biased at approximately 5 mil- 
liamperes for maximum dynamic range. Diode D7 com- 
pensates for variations in the base-to-emitter voltage 
of Qo, with changes in temperature. Because the other 
transistor (Qo9) of the differential amplifier has two 
emitter-base junctions in series, two diodes, D3 and D4; 
are required for temperature compensation. Diodes D3 
and D4, also provide temperature compensation for the 
differential-pair transistor Q, in amplifier A» (similarly 
diodes Dc and D¢ are shared by amplifiers Aj and A4). 


Diodes D3 and Dy and diodes Ds and Dg are connected 
to their respective inputs through a relatively stiff vol- 
tage divider (for amplifier A3, the divider consists of 
R 7 and Rog). The input to amplifier Az is normally 
applied to the base of the Darlington transistor Qy9. 
The 100-kilohm resistor R37 supplies bias current to 
this transistor. The voltage drop across resistor R37 
is small because of the very small base current of tran- 
sistor Qo: 


Each amplifier of the CA3048 may be viewed as an 
ac operational amplifier in which a fixed resistance is 
permanently connected between the output and the in- 
verting input. The built-in feedback resistor delimits 
the characteristics of the CA3048 amplifiers in the fol- 
lowing ways: 

1. The impedance as viewed from the noninverting in- 
put terminal consists mainly ofthe 100 kilohm input- 
bias resistance (Rj 3, Ris; R37, or R39): This re- 
sistance is shunted by the input capacitance of ap- 
proximately 10 picofarads and the additional resis- 
tive loading presented bythe input impedance of the 
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Darlington input pairs. When the amplifier is oper- 
ated under open-loop conditions (inverting input at 
ac ground), the total input impedance consists of 
90 kilohms in shunt with the input capacitance. 
When the built-in feedback loop is allowed to func- 
tion (by insertion of an unbypassed resistance in 
the noninverting input lead), then the loading caused 
by the Darlington input pairs is reduced, and the 
input resistance rises asymptotically towards 100 
kilohms. 


The impedance as viewed from the inverting input 
terminal is small (in the order of 40 to 50 ohms.) 


When the CA3048 is used in its normal mode of op- 
eration, each amplifier in the array may be repre- 
sented by the equivalent circuit shown in Fig. 2. 
(The capacitances shown are the sum of the device 


capacitances, socket capacitances, and stray cap- 
acitances.) The transconductance G._, which is 


equal to the product of the voltage gain and the 
output conductance (103mho), is typically 0.8 mho 
at midband. 


4 O3 


Qo3 
Pa 3.75K 
Dg 


Fig. 1 - Schematic of the CA3048 integrated-circuit 
amplifier array. 
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A\- 


Fig. 2 - Equivalent circuit of a CA3048 amplifier. 


GAIN-FREQUENCY RESPONSE 

Curves of the transconductance of any amplifier in 
the CA3048 array as a function of frequency up to 30 
MHz show two break points. At frequencies above the 
first break point, which occurs at 300 kHz, the transcon- 
ductance rolls off at a rate of 6 dB per octave to 12 
MHz. At frequencies above 12 MHz, the rate of roll-off 
increases to 12 dB per octave. At frequencies up to 12 
MHz, therefore, the transconductance of any amplifier in 
the CA3048 array is expressed by the following equation: 


Wy 8 
ee mo (1) 


W, +S 
where S is the complex frequency, g,,, isthe mid-band 
transconductance, and 3: els 277 x 300 x 10°. 

Fig. 3 shows the open-loop transconductance for an 
amplifier inthe CA3048 array as a function of frequency. 
This response indicates potential uses of the CA3048 
integrated circuit at frequencies that extend into the 
video range. 


STABILITY 


The equivalent circuit shown in Fig. 2 can be used 
to determine the stability of the amplifiers in the CA- 
3048 array under various conditions of loading when un- 
desirable external capacitance is present in the wiring 
and socket. With no external generator connected to. the 
circuit, the input conductance G, is equal to 1/100000 
mho, and the output conductance G3 is equal to 1/1000 
mho (for amplifiers Ay, Ag, A3, or Ag, respectively, Gy 
is equal to 1/R qs, 1/Rj3, 1/R37, or 1/Ro9, and G3 is 


Em 


20 
gm AT FREQUENCIES LESS 
10| THAN 100 kHz = 0.8 MHO 


Hae 


-20 


equal to 1/(Ry1¢6 + R99), 1/(Ry4 + R49), 1/(R34 + R39), 
or 1/(R3¢6 + R4g). The capacitance Cy and the conduc- 
tance Gy shown in Fig. 2 represent an external damping 
network which can be varied or deleted as demanded by 
stability or gain-bandwidth requirements. 


A necessary and sufficient condition for a system 
to be stable is that the roots of the characteristic equa- 
tion of the system have no positive real parts. The 
characteristic equation for the circuit of Fig. 2 is ob- 
tained by expansion of the circuit determinant and col- 
lection of the coefficients of the complex frequency S. 
The equation assumes the following form: 

Ay + AoS + AS? + AS? + AcS4 = 0 (2) 
After much tedious algebra, the coefficients are deter- 


mined as follows: 
Ay = @ G1G3Gy, 


Ay = @G41G3(Cy + Co) + Gy(C2 + C3) - Om Go) 
+ G1G3(C30, + G4) 

Ag = @9{C7C3(Gy + G3 + Gy - Bm.) + C1 [C3(G3 
+ G4) + CoGq]} + Gg lG3(Cy + Co) 
+ G4(Co +C3)] a G1G3C3 

Ag =Gq4[Cy(Cg +C3) +CoC3) + C3 [Cy(wCo 


5 G3) + C+(Gy os G3)] 

As = C1CoC3 (3) 

With the aid of a computer, it is possible to check 
very quickly many combinations of circuit values for 
stability by solving for the roots of Eq. (2) with differ- 
ent circuit values assigned to the various components. 

Although there are many variables involved, it is 
possible to state in a general sense the results of sev- 


eral solutions of Eq. 2. 
The system cannot oscillate without capacitor Cy 


to introduce positive feedback. The analysis is reduced, 
therefore, to the determination of the maximum value 
of Cy before oscillation occurs. With careful printed- 
circuit-board layout, the feedback capacitance Cy is 
small, and the system is usually stable. If a socket is 
used the feedback capacitance is greatly increased, and 


NORMALIZED 9m— dB 


FREQUENCY — MHz 


Fig. 3 - Typical gain-frequency response for a CA3048 
amplifier. 
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stabilization of the circuit is generally required. we 


As with any two-port network, any increase in 
source or load conductance aids stability. In addition, 
analyses of Eq. (2) show that addition of shunt capaci- 064 
tance at the input is a very effective stability technique 
when the source impedance is high. Introduction of 
negative feedback into the circuit [which is simulated 
in Eq. (2) by a decrease in the value assigned to the 
transconductance g,_ and an increase in the cutoff fre- 


quency] also improves circuit stability. si 


Another stability method, which is effective for any 
source impedance or gain value, is the addition of a 
damping network such as that formed by capacitance C 
and conductance Gy in Fig. 2. In this method, the value 
of C4 is chosen so that its reactance is equal to the 
parallel combination of R3 and Ry at the highest fre- 
quency of desired amplification. The value of Ry is 
made small so that the gain is reduced at high frequen- 
cies and is typically 1/10 or 1/20 the value of the par- 
allel combination of R3 and R; . 


0.08 


PERMISSIBLE FEEBACK CAPACITANCE — pF 


The series of curves in Fig. 4 show the results of 
the computation for the roots of E,. (2). It should be (b) 
noted that the maximum value shown for capacitance Co 
is that obtained just before oscillation occurs. Severe 
peaking of the response (or ringing) may result before 
the listed value of Cy is reached. It is advisable, there- 128 
fore, to maintain the capacitance of Cy well below the 
indicated value. 
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Fig. 4 - Stability curves for a CA3048 amplifier: (a) per- 

missible feedback capacitance as a function of the 

total conductance at the input; (b) permissible feedback 

capacitance as a function of gain reduction and of band- 

width increase; (c) permissible feedback capacitance 
as a function of the total input capacitance. 
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OUTPUT SWING VS. SUPPLY VOLTAGE 


Fig. 5 shows the output voltage for any one of the 
CA3048 amplifiers as a function of supply voltage. The 
solid lines represent the performance obtained with the 
full open-loop gain. The dotted line shows the improve- 
ment obtained when 12 dB of negative feedback is added 
by inclusion of a 150-ohm unbypassed resistor in the in- 
verting-input lead. The values obtained for this curve 
are those which prevail when the output is loaded only 
by the measuring equipment. It should be realized that 
any substantial loading will tend to reduce the magni- 
tude of the available output voltage for equivalent dis- 
tortion figures. For example, an additional 1000-ohm 
load exactly balances the internal load resistor, and 
would reduce the available output voltage by 50 per 
cent. 


PER CENT 


TOTAL HARMONIC DISTORTION 


OUTPUT VOLTAGE—rms VOLTS 


Fig. 5 - Total harmonic distortion of a CA3048 amplifier 
as a function of output voltage for different value of dc 
supply voltage. 


NOISE 


Fig. 6 shows output noise obtained when a single 
amplifier of the CA3048 is operated at 40 dB gain into 
a ‘‘C’’ filter. Table I shows typical values of noise 


TABLE | 
TYPICAL NOISE VOLTAGE AND CURRENT FOR AN 
AMPLIFIER IN THE CA3048 ARRAY 
Frequency Irie 
(Hz) (amperes) 


10 30.5 x 10°? 
17 1072 
8 x 10°9 
6 x 10°9 
4x 10°9 


noise 
(volts) 


7.5 x 10°!2 
4.3 x 10° !2 
1.2x 10°!2 
0.5 x 10°!2 
0.3 x 10°!2 


100 
1000 
10000 
100000 


voltage (E,,:ce@) and current (I,,ice) for the CA3048 at 
spot frequencies of 10, 100, 1000, 10000, and 100000 Hz. 
From these values, the equivalent input noise voltage 
for any value of source resistance may be computed by 
use of the following equation: 


e 2 2 
Ee quiv ? (Enoise) uv Cnoise Rgource) (4) 


Laboratory measurements have shown that the noise 
performance of the CA3048 is not significantly affected 
by variation of the supply voltage. The values shown in 
Fig. 6, therefore, may be used with supply voltages 
down to about 2 volts if it is remembered that the open- 
loop gain decreases to about 35 dB at a supply voltage 
of 2.5 volts. 
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Fig. 6 - Noise output as a function of source resistance 


for a CA3048 amplifier. 


CIRCUIT APPLICATIONS 


In all the foregoing discussions, a single amplifier 
has been described as though it existed alone. The 
CA3048, however, consists of four separate amplifiers, 
which may be used independently or in combination. A 
glance at the complete schematic of the CA3048 reveals 
other aspects worthy of consideration. 


Two supply-voltage terminals and two ground ter- 
minals are indicated. Terminal No. 12 supplies the Vac 
voltage to amplifiers Ay and A3, and terminal No. 15 
supplies the Vac voltage to amplifiers A; and Ay. The 
ground return for amplifiers A, and Aq is provided by 
terminal No. 2; all other ground returns are provided by 
terminal No. 5. 


When two units are cascaded, it is preferred to let 
amplifiers Ay and A3 be the input units, and amplifiers 
A, and A, be the output units. This arrangement per- 
mits separation of both the V.cand ground lines for low- 
and high-level signals. 


If resistive decoupling is used, amplifiers A, and 
A3 can be operated atlower Vac voltages to effect a 
Savings in current consumption. 


Hartley Oscillator 


The Hartley oscillator is easily designed and con- 
structed using the CA3048 amplifier. No feedback cap- 
acitor is required, and it is possible to extract ‘‘square’’, 
sawtooth, or sinusoidal waveshapes. 

In the circuit shown in Fig. 7, the tap on the coil 
is located at one-fourth the total turns, capacitors Cy 
and Cy provide dc blocking, and capacitor C3 tunes with 
inductor Ly (w, = 1/NLjC3). When the circuit is oper- 
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Fig. 7 - Hartley oscillator. 


ated from a 12-volt supply, the output voltage is a 
clipped sine wave that has a peak-to-peak value of 
about 7 volts. The voltage at the inverting input is a 
sawtooth that has a peak-to-peak value of about 0.300 
volt. If an unclipped sine wave is desired, it is avail- 
able across the coil L,. A sine wave can be obtained 
in the single-ended connection if the value of Co is 
made large with respect to C3 so that it effectively by- 
passes the sawtooth to ground; the voltage across Ly 
is then sinusoidal with respect to ground. 


Colpitts Oscillator 


A tunable Colpitts oscillator is readily designed 
using one of the amplifiers of the CA3048 array. Fig. 8 
Shows an example of the CA3048 used in this way. 
Capacitors C; and Cy are de blocking capacitors; the 
series combination of capacitors C3 and C4 resonates 
with coil L. The ratio of C3 to Cy determines the rela- 
tive amounts of signal fed back to the two inputs, and 
may be chosen on the basis of stability or strength of 
oscillation. 


For the component values shown in Fig. 8, the 
frequency of oscillation is 33.536 kHz with a 12-volt 
supply and decreases to 33.546 kHz when the supply 
voltage is reduced 25 per cent to 9 volts. 


O.mMF 
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Fig. 8 - Colpitts oscillator. 
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Three waveshapes are available from the Colpitts 
oscillator. A sawtooth waveform is obtained at the out- 
put, a sinusoidal waveform is obtained at the inverting 
input, and a clipped sinusoidal waveform appears at the 
noninverting input. 

Astable Multivibrator 


The CA3048 may be connected as an astable mul- 
tivibrator with the addition of only two external com- 
ponents. An example of this type of operation is shown 
in Fig. 9. 


ai 
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Fig. 9 - Astable multivibrator. 


The resistor R introduces positive feedback into 
the circuit, and the capacitor C sets the period of the 
waveform. The operation of the circuit can be explained 
more easily if it is assumed that transistor Q)7 (of amp- 
lifier Az) has just turned OFF so that the voltage at 
terminal No. 11 becomes very positive. This positive 
voltage is fed through R to the base of Qj to maintain 
the conduction of this transistor and to hold transistors 
Qoz, 213, Qy4, and Qy7 cut off. Meanwhile, capacitor 
C charges through the internal bias resistors Ry, and 
R49: When the voltage on capacitor C reaches the level 
at which transistor Q5; begins to become forward-bias- 
ed, some current is diverted from Qog to Qo, and Qj3, 
Q14) and Q;7 begin to turn ON. The action is regen- 
erative because the negative-going voltage from the 
collector of Qy7 feeds a negative-going signal back to 
the base of Qjg to enhance the switching action. When 
C discharges to the point at which Qo, turns OFF, Qog 
begins to turn ON and the process repeats itself. 


Two waveforms are available from the astable mul- 
tivibrator circuit, both at low impedance. A rectangular 
waveform that has a peak-to-peak amplitude of 7 volts 
or greater is obtained from the output terminal. The 
waveform available at the inverting input is an isosceles 
triange that has a peak-to-peak amplitude of approxi- 
mately 0.220 volt. 


With the circuit as shown, reliable oscillation is 
obtained for values of the resistor R in the order of 2.2 
megohms, with supply voltages as low as six volts. 


4-Channel Linear Mixer 


Fig. 10 illustrates the use of the CA3048 as a 
linear mixer. Each input is connected to its own CA3048 
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Fig. 10 - Linear mixer. 


amplifier through the gain-control potentiometers Ry, 
Ro, R3, and Ry: Capacitors Cy, Cy, C3, and C4 block 
the dc voltage at the inputs. 

The gain of any input to the corresponding output 
is 20 dB for the circuit values shown and a load impe- 
dance of 10000 ohms or greater. Resistors Rs; R6, Rv, 
and Rg program the gain of the system, and may be 
varied to provide more or less gain, depending on the 
requirements of the application. The curve in Fig. 11 
illustrates the effect of variation in the resistance in 
the feedback circuit of the CA3048. The difference in 
the 20 dB gain indicated for the mixer circuit and the 
approximately 34 dB shown in Fig. 12 results from the 
loss in the combining circuit that consists of R43) Ryq4) 
Rys) R6; and R, - 

A resistor-capacitor combination (Ro; Co, Ryo: Cio: 
Ryy Cup Ry2 C19) connected to the output of each 
amplifier stabilizes the amplifiers when source and load 
conductances aretoo small to provide adequate damping. 


dB 
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Fig. 11 - Gain of a CA3048 amplifier as a function of 
feedback resistance. 
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Fig. 12 - Balanced-line driver. 


The input impedance of each amplifier of the CA- 
3048 is nominally 90 kilohms. In the linear mixer, how- 
ever, the input potentiometers Rj through Ry are 500 
kilohms. The effective impedance presented to the de- 
vice, therefore, is quite high except when the circuit is 
adjusted for maximum gain. At this time, the impedance 
decreases to about 75 kilohms. 


Driver for 600-ohm Balanced Line 


Two amplifiers of the CA3048 may be connected to 
drive a 600-ohm balanced line at levels up to 1 volt rms 
with a gain of 40 dB. When the circuit is connected as 
shown in Fig. 12, the distortion is less than 1 per cent 
at an output level of 1 volt and a gain of 40 dB. 


The output ofthe circuit is limited to a value slight- 
ly greater than 1 volt rms, primarily because of drive- 
current limitations to the output transistors. In this 
respect, it is self-protecting. Should a short circuit de 
velop across the line, the circuit will not destroy itself. 


Resistor Rj in Fig. 12 is common to the output and 
input circuits of both amplifiers A; and A3. Should a 
gain unbalance exist, or should the input signals be of 
unequal amplitude, then the outputs would tend to be- 
come unbalanced with respect to ground. For example, 
if amplifier A, had the larger output, a signal in phase 
with the output at A, would be developed across resis- 
tor Ry. In this event, the voltage developed at R, would 
tend to reduce the output of amplifier A, because this 
voltage is applied to the inverting input. At the same 
time, the voltage at R, is applied to the inverting input 
of amplifier A. and tends to increase the effective input 
voltage of that amplifier and, in this way, help to restore 
balance. The balancing effect takes place regardless 
of the cause of the initial unbalance. 


Gain-Controlled Amplifier 


Any amplifier of the CA3048 may be used as a gain- 
controlled amplifier in order to accommodate a wide 
range of input signal amplitude. Fig. 13 shows one 
amplifier of the CA3048 used in this type of configura- 
tion. By variation of the dc potential at the gate No. 1 
of the MOS transistor Qj, the gain of the amplifier may 
be varied from 14 dB to 49 dB. In this circuit, the MOS 
transistor Q, acts as a variable impedance in the feed- 
back loop of the CA3048. 
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Fig. 13 - Gain-controlled amplifier. 


In a circuit such as that shown in Fig. 13, the vol- 
tage gain may be expressed as follows: 


Eolas Rs ED) ay) ©) 
Buy ORPAIRS(A +1) 


where R, is the equivalent resistance of the MOS tran- 
sistor and Rg is the feedback resistance, which includes 
the internal feedback resistance of the integrated circuit 
together with any paralleled external feedback resistance. 


As the value of resistor R, approaches zero, the 
gain of the circuit approaches the open-loop gain of the 
amplifier (A). For very large values of resistor R, the 
gain of the circuit approaches A/(A + 1), or approxi- 
mately unity. The maximum theoretical agc range then 
is A. 

The practical agc range of this circuit is limited 
on the high end by the ‘‘ON’’ resistance of the MOS tran- 
sistor, and on the low end by the finite input impedance 
of the CA3048. In the circuit shown in Fig. 13, the 
range of control is 35 dB. 

There is no necessity for direct current to flow in 
the MOS transistor, and if a low impedance source of 
about five volts is available, this voltage may be sub- 
stituted for the Zener diode-resistor combination so that 
the power requirements of the circuit are further reduced. 

Distortion, which is inherently low, ranges from 
0.65 per cent at minimum gain (output of 2 volts rms) to 
0.4 per cent at maximum gain. 
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APPLICATION OF THE RCA-CA3018 
INTEGRATED-CIRCUIT TRANSISTOR ARRAY 


G.E. THERIAULT, A.J. LEIDICH, AND T.H. CAMPBELL 


The CA3018 integrated circuit consists of four silicon 
epitaxial transistors produced by a monolithic process on 
a single chip mounted in a 12-lead TO-5 package. The 
four active devices, two isolated transistors plus two tran- 
sistors with an emitter-base common connection, are 
especially suitable for applications in which closely 
matched device characteristics are required, or in which 
a number of active devices must be interconnected with 
non-integrable components such as tuned circuits, large- 
value resistors, variable resistors, and microfarad bypass 
capacitors. Such areas of application include if, rf (through 
100 MHz), video, agc, audio, and dc amplifiers. Because 
the CA3018 has the feature of device balance, it is use- 
ful in special applications of the differential amplifier, and 
can be used to advantage in circuits which require tem- 
perature compensation of base-to-emitter voltage. 


CIRCUIT DESCRIPTION AND OPERATING 
CHARACTERISTICS 


The circuit configuration for the CA3018 is shown in 
Fig. 1. In a 12-lead TO-S package, because it is necessary 
to provide a terminal for connection to the substrate, 
two transistor terminals must be connected to a common 
lead. The particular configuration chosen is useful in 
emitter-follower and Darlington circuit connections. In 


addition, the four transistors can be used almost inde- 
pendently if terminal 2 is grounded or ac grounded so 
that Q3 can be used as a common-emitter amplifier and 
Q4 as a common-base amplifier. In pulse video ampli- 
fiers and line-driver circuits, Q4 can be used as a forward- 
biased diode in series with the emitter of Q3. Q3 may be 
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Fig. 1—Schematic diagram and TO-5 terminal connections for 
the CA3018 integrated-circuit transistor array. 
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used as a diode connected to the base of Q4; in a reverse- 
biased connection, Q3 can serve as a protective diode 
in rf circuits connected to operational antennas. The pres- 
ence of Q3 does not inhibit the use of Q4 in a large 
number of circuits. 

In transistors Q1, Q2, and Q4, the emitter lead is inter- 
posed between the base and collector leads to minimize 
package and lead capacitances. In Q3, the substrate lead 
serves as the shield between base and collector. This lead 
arrangement reduces feedback capacitance in common- 
emitter amplifiers, and thus extends video bandwidth and 
increases tuned-circuit amplifier gain stability. 

Operating characteristics for the CA3018 are given in 
the technical bulletin. 


CIRCUIT APPLICATIONS 


The applications for the CA3018 are many and varied. 
The typical applications discussed in this Note have been 
selected to demonstrate the advantages of four matched 
devices available on a single chip. These few examples 
should stimulate the generation of a great many more 
applications. 


Video Amplifiers 


A common approach to video-amplifier design is to 
use two transistors in a configuration designed to reduce 
the feedback capacitance (appearing as a Miller capaci- 
tance) inherent in a single triode device. Three configura- 
tions which utilize two devices are (1) the cascode cir- 
cuit, (2) the single-ended differential-amplifier, and (3) the 
common-collector, common-emitter circuit. In all three 
circuits, the output-to-input feedback capacitance is mini- 
mized by isolation inherent in the configuration. The avail- 
ability of four identical transistors in a common package 
provides a convenient vehicle for these circuit configura- 
tions for video-amplifier design. Two of the many possible 
circuit variations are discussed below. 

Broadband Video Amplifier. A broadband video- 
amplifier design using the CA3018 is shown in Fig. 2. 
This amplifier may be considered as two dc-coupled stages, 
each consisting of a common-emitter, common-collector 
configuration. The common-collector transistor provides 
a low-impedance source to the input of the common- 
emitter transistor and a high-impedance, low-capacitance 
load at the common-emitter output. Iterative operation of 
the video amplifier can be achieved by capacitive cou- 
pling of stages. 

Two feedback loops provide dc stability of the broad- 
band video amplifier and exchange gain for bandwidth. 
The feedback loop from the emitter of Q; to the base of 
Q, provides de and low-frequency feedback; the loop 
from the collector of Q, to the collector of Q, provides 
both dc feedback and ac feedback at all frequencies. 

The frequency response of the broadband video ampli- 
fier is shown in Fig. 3. The upper 3-dB break occurs at 
a frequency of 32 MHz. The low-frequency 3-dB char- 
acteristics are determined primarily by the values of 
capacitors C,, Cj, and Cz. Thelow-frequency 3-dB break 
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Fig. 2—Schematic diagram for a CA3018 broadband 
video amplifier. 


occurs at 800 Hz. The mid-frequency gain of 49 dB is con- 
stant to within 1 dB over the temperature range from 
—55° to +125°C. The upper 3-dB break is constant at 
32 MHz from —55°C to +25°C, and drops to 21 MHz 
at) +125°Q) 

The total power dissipation over the entire temperature 
range is 22.8 milliwatts. The dc output voltage varies from 
2.33 volts at —55°C to 3 volts at +125°C. The tangen- 
tial sensitivity occurs at 20 microvolts peak-to-peak. The 
dynamic range is from 20 microvolts peak-to-peak to 4 
millivolts rms at the input. 

The circuit of Fig. 2 demonstrates a typical approach 
that can be altered, especially with regard to gain and 
bandwidth, to meet specific performance requirements. 


VOLTAGE GAIN—4dB 
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Fig. 3—Voltage gain as a function of frequency for the 
broadband video amplifier of Fig. 2. 


Cascode Video Amplifier. The cascode configuration 
offers the advantages of common-emitter gain with re- 
duced feedback capacitance and thus greater bandwidth. 
Fig. 4 shows a typical circuit diagram of a cascode video 
amplifier using the CA3018. Transistors Q, and Q, com- 
prise the common-emitter and common-base portions of 
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the cascode, respectively. The common-base unit is fol- 
lowed by cascaded emitter followers (Q, and Q4) which 
provide a low output impedance to maintain bandwidth 
for iterative operation. 


CAZ0I8 


Fig. 4—Schematic diagram for a CA3018 cascode 
video amplifier. 


The frequency response of the cascode video amplifier 
is shown in Fig. 5. The lower and upper 3-dB points 
occur at frequencies of 6 KHz and 11 MHz, respectively. 
The lower 3-dB point is primarily a function of capacitors 
Cl, C2, and C3. The upper 3-dB point is a function of 
the devices and of the load resistor R,, and is 10.5 MHz 
at —55°C and 5 MHz at +125°C. 
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Fig. 5—Voltage gain as a function of frequency for the 
cascode amplifier of Fig. 4. 


‘The mid-frequency voltage gain of the amplifier is 37 
dB + 1 dB over the temperature range from —55°C to 
+125°C. The power dissipation varies from 16.8 milli- 
watts at —55°C to 17.6 milliwatts at +125°C. The am- 
plifier has a tangential sensitivity of 40 microvolts peak-to- 
peak and a useful dynamic input range from 40 microvolts 
to 16.6 millivolts peak-to-peak. 


15-MHz RF Amplifier 


Fig. 6 shows a typical design approach for a tuned am- 
plifier for use in the frequency range of 2 to 30 MHz in 
military receivers. This circuit was designed for a mid- 
band frequency of 15 MHz to demonstrate its capability. 
Gain is obtained in a common-emitter stage (Q,). Tran- 
sistor Q, is used as a variable resistor in the emitter of 
Q, to provide improved signal-handling capability with 
agc. Transistor Q, is used as a bias diode to stabilize 
Q, with temperature, and the reverse breakdown of Q; 
as a diode is used to protect the common-emitter stage 
from signal overdrive of adjacent transmitters. 


L = 0.8 wH L = 0.8 wH 
Qo = 200 Qo = 200 
Ti1-3 = 6T 13-5 = 6T 
T2910 Ty-2 = 4T 
14-5 = 2T T3-4 = 1T 


#22 wire on Q-2 material, CF107 Torroid from Indiana 
General. 


C1, C2 = Arco 425 or equiv. 


Fig. 6—Schematic diagram for a CA3018 15-MHz rf amplifier. 


The tuned-circuit design of Fig. 6 utilizes mismatching 
to obtain stability. Although the usable stable gain for 
a common-emitter amplifier using this type of transistor 
is 26 dB at 15 mHz, the tuned rf amplifier was designed 
for a total gain of 20 dB to obtain greater stability and 
more uniform performance with device variations. The 
general performance characteristics of the circuit are as 
follows: 


Power) Gainite: saw awa! ate. «eee Gh om 20 dB 
Power-Gain Variation from —55 to 
t=] BSC Nestea? srsraleg'T «oy eae sakes +1 dB 


Bandwidtl as. cs. vs} PLIEK ies oR OR 31 SskHz 
Noise Biguce’ at Full ais eee eran rata alee 7.4 dB 
POT OEA b chein «+ os cies s 0's 7e 0d 45 dB 
Power Dissipation ............ Pein ete eae Leo, CL Ve, 


Fig. 7 shows the cross-modulation characteristics of the 
circuit for in-band signals. For out-of-band undesired sig- 
nals, the cross-modulation performance is improved by the 
amount of attenuation provided by the input tuned cir- 
cuit. Cross-modulation performance also improves (i.e. 
more interfering signal voltage is required for cross- 
modulation distortion of 10 per cent) with increased agc 
as a result of the degeneration in the emitter of Q,. 
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Fig. 7—In-band cross-modulation characteristic of 15-MHz 
amplifier of Fig. 6 (data taken with untuned input). 


Final If Amplifier Stage and Second Detector 


Fig. 8 illustrates the use of the CA3018 as a last if 
amplifier and second detector (0.1 volt emitter voltage on 
terminal 1). The bias on transistor Q, is maintained at 
approximately cutoff to permit the cascaded emitter-fol- 
lower configuration (Q, and Q,) to be used as a second 
detector. Because this stage is driven by a common col- 
lector configuration, the input impedance to the detector 
can be kept high. A low output load impedance can be 
used as a result of the output current capability of the 
cascaded emitter-follower configuration. The input im- 
pedance (terminal 9) of approximately 9000 ohms is largely 
determined by the bias network. A minimum if input power 
of 0.4 microwatt must be delivered to terminal 9 for linear 
operation. The audio output power for 60 per cent modu- 
lation for this drive condition is 0.8 microwatt. Linear de- 
tection is obtained through an input range of 20 dB for 60 
per cent modulation. This detector arrangement requires 
less power-output capability from the last if amplifier 
than a conventional diode detector yet allows a low dc 
load resistor to achieve a good ac-to-dc ratio for the first 
audio amplifier. 
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Fig. 8—Schematic diagram for a CA3018 final if amplifier 
and second detector. 


The if amplifier of Fig. 8 has a voltage gain of 30 dB at 
1 MHz. Transistor Q, is used in the base-bias loop of the 
common-emitter amplifier Q. to stabilize the output oper- 
ating point against temperature variations. This arrange- 
ment also eliminates the need for an emitter resistor and 
bypass capacitor, and thus provides a larger voltage-swing 
capability for Q,. If Qs, is biased conventionally with 
base-bias resistors, Q; can be made available for the first 
audio or agc amplifier. 


Class B Amplifier 


Characteristics were obtained on a low-level class B 
amplifier to establish the idling-current performance of 
nearly identical devices on a single chip with respect to 
temperature variations. The transistors in the CA3018 
can be used only for low-power class B operation (maxi- 
mum output of 40 milliwatts) because of the hpg roll-off 
and moderately high saturation resistance at high currents. 
A typical circuit is shown in Fig. 9. Idling-current bias is 
provided to Q, and Q, by use of transistor Q, as a diode 
(with collector and base shorted) and connection of a 
series resistor to the supply. The idling current for each 
transistor in the class B output is equal to the current 
established in the resistance-diode loop. Because the re- 
sistor R, is the predominant factor in controlling the 
current in the bias loop, the bias current is relatively inde- 
pendent of temperature. In addition, because the devices 
have nearly equal characteristics and are at the same 
temperature, the idling current is nearly independent 
through the full military temperature range. The total 
idling current for transistors Q, and Q, in Fig. 9 varies 
from 0.5 to 0.6 milliampere from —55 to + 125°C. Excel- 
lent balance between output devices is achieved through- 
out the range. 

AC feedback as well as dc feedback can be obtained by 
substitution of two resistors Ry and Rg, in place of Rj, 
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he. 


as shown by the dotted lines in Fig. 9. These two resis- 
tors, which have a parallel combination equal to Rj, are 
connected between collector and base of transistors Qo 
and Q,. The added feedback reduces the power gain by 
approximately 6 dB (30 to 24 dB), but improves the 
linearity of the circuit. Although the output-power capa- 
bility for the circuit shown in Fig. 9 is approximately 18 
milliwatts, output levels up to 40 milliwatts can be ob- 
tained in similar configurations with optimized components. 


T1 — ADC Products No. 5SX1322 or equiv. 
Tg — Chicago Standard Trans. Corp. No. TA-10 or equiv. 
Note: Ry is removed when Ro and R3 are added. 


Fig. 9—Schematic diagram for a CA3018 class B amplifier. 
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Ly = 0.11 to 0.17 wH 
lo = 0.5 to0.8 ywH 


Fig. 10—Schematic diagram for a CA3018 100-MHz 
cascode amplifier. 


100-MHz Tuned RF Amplifier 


Fig. 10 illustrates the use of the CA3018 in a 100-MHz 
cascode circuit with an age amplifier. Transistors Q, and 
Q. are used in a cascode configuration, and transistors 
Q. and Q, are used to provide an age capability and 
amplification. With a positive-going age signal, current in 
the cascode amplifier is transferred to the Darlington con- 
figuration by differential-amplifier action. This age ampli- 
fier has the advantage of low-power drive (high input 
impedance). In addition, the emitter of Q; can be back- 
biased with respect to the base to provide larger input- 
signal-handling capability under full age conditions. 

The operating characteristics of the amplifier shown 
in Fig. 10 are as follows: 


Power Gain — 26 dB 
Age Range — 70 dB 
3-dB Bandwidth — 4.5 MHz 
Noise Figure — 6.8 dB 


Power Dissipation — 7.7 mW 


The response characteristic is shown in Fig. 11 


VOLTAGE GAIN-dB RELATIVE TO MAX. GAIN 


85 90 95 100 105 10 5 
FREQUENCY—MHz 


Fig. 11—Response characteristic of 100-MHz amplifier 
of Fig. 10. 
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Linear Integrated Circuits 


Application Note 
ICAN-5299 


APPLICATION OF THE RCA-CA3019 
INTEGRATED-CIRCUIT DIODE ARRAY 


G. E. THERIAULT AND R. G. TIPPING 


The RCA-CA3019 integrated circuit diode array pro- 
vides four diodes internally connected in a diode-quad 
arrangement plus two individual diodes. Its applications 
include gating, mixing, modulating, and detecting circuits. 

The CA3019 features all-monolithic-silicon epitaxial 
construction designed for operation at ambient tempera- 
tures from —55°C to 125°C. It is supplied in a 10-termi- 
nal TO-5 low silhouette package. 

Because all the diodes are fabricated simultaneously on 
a single silicon chip, they have nearly identical character- 
istics, and their parameters track each other with tempera- 
ture variations as a result of their close proximity and the 
good thermal conductivity of silicon. Consequently, the 
CA3019 is particularly useful in circuit configurations 
which require either a balanced diode bridge or identical 
diodes. 


CIRCUIT CONFIGURATION AND OPERATING 
CHARACTERISTICS 


Fig. 1 shows the circuit diagram and terminal connec- 
tions for the CA3019. Diodes D, through D, are inter- 
nally interconnected to form a diode quad, while diodes 
D.; and D, are available as independent diodes. Each 


diode is formed from a transistor by connection of the 
collector and the base to form the diode anode and use 
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Fig. 1—Schematic diagram and terminal connections for the 
CA3019 integrated-circuit diode array. 


of the emitter for the diode cathode (this technique is one 
of five methods by which the transistor structure can be 
utilized as a diode). This diode configuration, in which the 
collector-base junction is shorted, is the most useful con- 
nection for a high-speed diode because it has the lowest 
storage time. The only charge stored is that in the base. 
This configuration also exhibits the lowest forward voltage 
drop, and is the only one which has no p-n-p transistor 
action to the substrate. The diode has the emitter-to-base 
reverse breakdown voltage characteristic (typically 6 volts). 

The monolithic process produces a substrate diode be- 
tween the collector of a transistor and its supporting sub- 
strate, as shown in Fig. 2. Connected at each diode anode, 
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therefore, is the cathode of a substrate diode for which 
the anode is the substrate (terminal 7). In some applica- 
tions, the substrate can be left floating because a forward 
bias on any substrate diode creates a self reverse-bias on 
the other substrate diodes. However, the uncertainty of this 
bias and the capacitive feedthrough paths provided by the 
substrate make it advisable to apply a reverse bias to all 
substrate diodes by returning the substrate through termi- 
nal 7 to a de voltage which is more negative than the 
most negative voltage on a diode anode. Such reverse bias 
is most important when ac circuit balance is essential be- 
cause the capacitance of the substrate diodes is a non- 
linear function of the voltage across them. In such circuits, 
the changing capacitance of these parasitic elements can 
make good balance over a wide dynamic range impossible. 


METAL TO METAL TO 
TERMINAL (4) TERMINAL 


© @ 


COLLECTOR 


SUBSTRATE (b) Diode equivalent circuit 


(a) Cross section of monolithic diode structure 


Fig. 2—Diagram and equivalent circuit of the monolithic array. 


Reverse bias of the substrate diodes is always indicated, 
therefore. and should be omitted only if the inclusion of 
such bias is not possible or practical. Terminal 7 may be 
returned to a negative power supply as long as the com- 
bined value of that supply voltage and the maximum 
positive voltage on any diode anode does not exceed the 
maximum rating of 25 volts. In systems that use single 
power supplies. the active circuit may be raised above 
ground potential and the signals coupled into the diodes 
by capacitive or inductive means. 

The operating characteristics of the CA3019 integrated 
diode array are determined primarily by the individual 
diode characteristics, which are given in the technical 
bulletin. 


APPLICATIONS 


Although there are many possible applications for the 
CA3019, this note describes a few practical circuits to 
stimulate the thinking of the potential user. Besides the 
obvious uses as separate diodes and possible quad combi- 
nations, some of which are covered in the following dis- 
cusssion, it should be noted that shorting of terminals 2 
and 6 in the quad effectively provides two diodes in series. 
This diode connection can be used as the elements of 
special balanced mixers, as ring modulators, and as com- 
pensating networks that provide two diode drops. Fig. 3 
shows an example of a typical synthesizer mixer circuit. 


PULSE 
SPECTRUM 
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OUTPUT 


Fig. 3—Typical synthesizer mixer circuit. 


Shorting of terminals 5 and 8 provides two independent 
sets of back-to-back diodes useful for limiting and clip- 
ping, as shown in Fig. 4. 


C-7-®) 


Fig. 4—Limiters using the CA3019. 


Balanced Modulator 


Fig. 5 shows the use of the CA3019 as a balanced mod- 
ulator which minimizes the carrier frequency from the 
output by means of a symmetrical bridge network. A car- 
rier of one polarity causes all the diodes to conduct, and 
thus effectively short-circuits the signal source. A carrier 
of the opposite polarity cuts off all the diodes and allows 
signal current to flow to the load. If the four diodes are 
identical, the bridge is perfectly balanced and no carrier 
current flows in the output load. Table I lists the char- 
acteristics of the balanced modulator. 


High-Speed Gates 


In high-speed gates, the gating signal often appears at 
the output and causes the output signal to ride a “pedes- 
tal.” A diode-quad bridge circuit can be used to balance 
out the undesired gating signal at the output and reduce 
the pedestal to the extent that the bridge is balanced. 
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TABLE |. CHARACTERISTICS OF BALANCED MODULATOR OF FIG.5 


Carrier Voltage 


VRMS at 0.75 0.75 0.75 0.50 1.0 

30 KHz 

Signal Voltage 

mVRMS at ys 245 770 245 245 

2 KHz 

ees veel gem ER, | ai EE Eee ee SE | EY AR a ES SS ™ . on. cts daneen SS 

Output Output Output db Output Output Output 
Frequency Kesage Below Voltage Below Harcone Below realtone Below oltage Below 
KHz rms Vs rms Vs rms Vs rms Vs rms Vs 

28 and 32* 34 6.5 115 a 440 5 51 14 170 i] 

on ath al a lal en aeemacanen, TEES SG ed see een amie: SARE SUOMI) Ok Ee 8 a A, Ae ER Lo SE 
30 0.7 41 0.82 49 2.6 50 0.1 68 3.6 37 

26 and 34 0.02 72 0.05 72+ 0.48 64 0.04 72+ 0.07 71 

24 and 36 0.03 69 0.49 54 60 22 0.58 S200 4 U0 53 

22 and 38 0.001 72+ 0.01 72+ 1.4 55 .015 72+ 0.02 I2+ 


* Double-Sideband, Suppressed-Carrier Output. 


All other outputs are spurious signals. 


a pedestal-free output. With a proper gating voltage (1 to 
3 volts rms, 1 to 500 kHz), diodes D; and Dg conduct 
during one half of each gating cycle and do not conduct 
during the other half of the cycle. When diodes D; and 
D,, are conducting, the diode bridge (D, through D,) is 
not conducting and the high diode back resistance pre- 
vents the input signal V, from appearing across the load 
resistance R,; when diodes D, and D, are not conducting, 
the diode bridge conducts and the low diode forward re- 
sistance allows the input signal to appear across the load 
resistance. Resistor R, may be adjusted to minimize the 


T1 — Technitrol No. 8511660 or equiv. 
Fig. 5—Balanced modulator using the CA3019. 


A diode-quad gate functions as a variable impedance 
between a source and a load, and can be connected either 
in series or in shunt with the load. The circuit configura- 
tion used depends on the input and output impedances 
of the circuits to be gated. A series gate is used if the 
source and load impedances are low compared to the diode 
back resistance, and a shunt gate is used if the source and 
load impedances are high compared to the diode forward 
resistance. 


Series Gate. Fig. 6 shows the use of the CA3019 as 
a series gate in which the diode bridge, in series with the 
load resistance, balances out the gating signal to provide Fig. 6—Series gate using the CA3019. 


T, —Technitrol No. 8511666 or equiv. 
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gating voltage present at the output. The substrate (ter- 
minal 7) is connected to the —6-volt supply. Fig. 7 shows 
the on-to-off ratio of the series gate as a function of fre- 
quency. 
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Fig.7—On-to-off ratio for the series gate of Fig.6 as 
a function of frequency. 


Shunt Gate. Fig. 8 shows the use of the CA3019 as a 
shunt gate in which the diode bridge, in shunt with the load 
resistance, balances out the gating signal to provide a 
pedestal-free output. When the gating voltage V, is of 
sufficient amplitude, the diode bridge (D, through D,) 
conducts during one half of each gating cycle and does not 
conduct during the other half of the cycle. When the diode 
bridge is conducting, its low diode forward resistance 
shunts the load resistance R,, and prevents the input signal 
V, from appearing at the output; when the diode bridge 
is not conducting, its high diode back resistance allows the 
input signal to appear at the output. Diode D; and resis- 
tor R, keep the transformer load nearly constant during 
both halves of the gating cycle. The substrate (terminal 7) 
can either be left floating or returned to a negative volt- 
age, but it cannot be returned to ground. The character- 
istics of the shunt gate are as follows: 


Gating frequency (f,) — 1 to 100 kHz 


Gating voltage (V,) — 0.8 to 1.2 Vrms 
Signal frequency (f,) — dc to 500 kHz (2 dB down) 
Signal voltage (V,) — Oto 1 Vrms 


The frequency range of this circuit can be extended by 
application of a reverse bias to the substrate. The amount 
of gating voltage V, present at the output as a function 
of the amplitude and frequency of V, is shown in 
Table II. 


15 K eo 


Ty — Technitrol No. 8511666 or equiv. 
Fig.8 —Shunt gate using the CA3019. 


TABLE Il. GATING CHARACTERISTICS OF 
SHUNT GATE SHOWN IN FIG.8 


Present at the 


Frequency Amplitude Amount of Vg 
ete ne yee 
1 0.8 0.2 
1 1.0 0.5 
1 1.2 13 
10 0.8 2.0 
10 1.0 4.7 
10 1.2 8.7 
50 0.8 11.0 
50 1.0 24.0 
50 ae 40.0 


Series-Shunt Gate 


A series-shunt gate which utilizes all six diodes of the 
CA3019 is shown in Fig. 9 This configuration combines 
the good on-to-off impedance ratio of the shunt gate with 
the low-output pedestal of the series gate. 

On the gating half-cycle during which the voltage at A 
is positive with respect to the voltage at B, there is no 
output because the shunt diodes are forward-biased and 


the series diodes are reverse-biased. Any signal passing 
through the input diodes (D, and D,) encounters a low 
shunt impedance to ground (D; and Dg) and a high 
impedance in series with the signal path to the load (D3 
and D,). This arrangement assures a good on-to-off im- 
pedance ratio. When the voltages at A and B reverse, the 
conduction states of the shunt and series diodes reverse, 
and the signal passes through the gate to the load resistor 
R,. Any pedestal at the output is a function of the resistor, 
transformer, and diode balance. 


Fig.9 —Series-shunt gate using the CA3019. 


The gate continues to operate successfully with resistors 
R, and Rg shorted if the transformer center tap is removed 
from ground. In either case, no de supply is required to 
bias the gate diodes. 


Balanced Mixer 


Fig. 10 illustrates the use of the CA3019 as a conven- 
tional balanced mixer. The load resistor across the output 
tuned circuit is selected to provide maximum power out- 
put. The conversion gain of the mixer for a 45-MHz input 


D5 


Fig.10 —Balanced mixer using the CA3019. 
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signal and a 55-MHz oscillator signal is shown in Fig. 11. 
The input impedance at point A is approximately 600-ohms 
for a 0.6-volt-rms oscillator drive. 


OSCILLATOR AMPLITUDE—Vrms 
0.4 0.6 0.8 


CONVERSION GAIN—d8 


Fig.11 —Conversion gain as a function of oscillator amplitude 
for the balanced mixer of Fig.10. 


The CA3019 mixer shown in Fig. 12 is essentially a 
balanced mixer with two additional diodes (D, and D4) 
added to form a half-wave carrier switch. The additional 
diodes permit both legs of the circuit (D; — Dg and 
D. — D,) to function throughout the ac cycle. As com- 
pared with a conventional balanced mixer, shown in Fig.10, 
this circuit effectively doubles the desired output voltage 


Re 


Fig.12—Balanced mixer with half-wave carrier switch 
using the CA3019. 


and reduces the output voltage at the oscillator frequency 
by half. However, the capacitances associated with the 
integrated diodes prevent this circuit configuration from 
realizing the improvement in conversion gain at frequen- 
cies above 20 MHz. 


Ring Modulator 


The use of the CA3019 as a ring modulator is shown in 
Fig. 13. If a perfectly balanced arrangement were used, 
carrier current of equal magnitude and opposite direction 
would flow in each half of the center-tapped transformer 
T.. Thus, the effect of the carrier current in transformer 
T. would be cancelled, and the carrier frequency would 
not appear in the output. However, the ring modulator 
of Fig. 13 is not exactly balanced because diodes 
(D, + D.) and (D3; + Dy) are actually two diodes in 
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parallel, while diodes (D5) and (Dg) are individual diodes. 
Nevertheless, this circuit attenuates the carrier in the out- 
put as well as an arrangement that uses both individual 
diodes in two CA3019 circuits. 

As the carrier passes through half of its cycle, diodes 
(D, + Dg) and (Dg) conduct, and diodes (Dz, + D4) and 
(D5) do not conduct. When the carrier passes through the 
other half of its cycle, the previously nonconducting diodes 
conduct, and vice versa. As a result, the output amplitude, 
is alternately switched from plus to minus at the carrier 
frequency. The signal-frequency component of the output 
waveform is thus symmetrical about the zero axis and is 
not present in the output. Therefore, the ring modulator 
suppresses both the carrier frequency and the signal fre- 
quency so that the output theoretically contains only the 
upper and lower sidebands. For single-sideband transmis- 
sion, one of these sidebands can be eliminated by selective 
filtering. The performance of the CA3019 as a ring modu- 
lator is shown in Table III. 


600 2 


Di+D2 ie 
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30 kHz 


Fig.13 —Ring modulator using the CA3019. 


TABLE Ill. PERFORMANCE CHARACTERISTICS OF 
RING MODULATION OF FIG.13 


For a given Vg + V,, e, in millivolts 


Bitiah V, mvs 300 350 450 500 
Bred. TZ V, mys 600 500 350 300 
Upper or 
28 (OCs Lower 86 97 83 91 
Sidebands 
2 ae 0.042 0.02 0.015 0.020 
req. 
30 Carrier * * os a 
Freq. 1.3 (—37db) 0.88 (—41db) 0.67 (—42db) —-0.62 (—43db) 
Teanraka Higher 0.018 0.016 0.036 0.043 
Order 
24 or 36 Sidebands 0.021 0.054 0.047 5.0 


* db below the desired upper and lower sidebands 


Application Notes on 
Broadband Video Amplifiers 
and Differential Amplifiers 


80 


NGAI 


Solid State 
Division 


Linear Integrated Circuits 


Application Note 
ICAN-5022 


Application of the 
RCA CA3004, CA3005, and CA3006 
Integrated-Circuit RF Amplifiers 


BY 


M.E. MALCHON AND G.E. THERIAULT 


The RCA CA3004, CA3005, and CA3006 rf amplifiers 
are silicon-epitaxial monolithic integrated circuits, supplied 
in 12-terminal TO-5 packages. These circuits are designed 
to operate from low or medium levels of dc supply voltage, 
over a range of ambient temperatures from —S5S5S°C to 
+ 125°C, at frequencies from de to 100 MHz. They may be 
used with external tuned-circuit, transformer, or resistive 
load impedances to provide the following types of functions: 


Wide- or narrow-band amplification 
Mixing 

Limiting 

Product detection 


Frequency generation 


Oia ND 


Generation of pulse or digital waveforms 


The CA3004 has linear transfer characteristics, excellent 
circuit stability, and a wide dynamic range. These features 
indicate that the CA3004 is particularly useful for applica- 
tions in which the ability to handle large input signals is an 
important consideration. 

The CA3005 and CA3006 feature high gain, sharp limit- 
ing characteristics, and exceptional versatility. The versa- 


tility in the operation of the CA3005 and CA3006 is made 
possible by the availability of internal circuit points to which 
external circuit elements may be connected to alter the basic 
circuit configuration. As a result of such external modifica- 
tions, jt is possible to operate these circuits as push-pull 
amplifiers, as cascode amplifiers, or as single amplifiers in 
cascade or parallel channels. 

The CA3005 and CA3006 rf amplifiers are identical ex- 
cept for their input offset voltages. The offset voltage for the 
CA3006 is typically less than 1 millivolt, while the offset 
voltage for the CA3005 is normally in the order of 3 milli- 
volts. The low level of input offset voltage makes the CA3006 
well suited for balanced-modulator, mixer, or other push- 
pull applications that require a well-balanced circuit. 


CIRCUIT DESCRIPTIONS AND 
OPERATING MODES 


Fig. | shows the schematic diagrams, together with the ter- 
minal arrangement on the TO-S packages, for the CA3004, 
CA3005, and CA3006 integrated-circuit rf amplifiers. Each 
circuit consists of a balanced differential amplifier that is 
driven from a controlled, constant-current source. 


SEE NOTE 1 


(a) 


92CS-I2959RI 


TO-5 PACKAGE 
(BOTTOM VIEW) 
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SEE NOTE 2 
O 


8 5 6 2 9 
92CS-13343 


(b) 


NOTE 1: Connect terminal 10 to most positive dc supply voltage used for circuit. 
NOTE 2: Connect terminal 9 to most positive dc supply voltage used for circuit. 


Fig. 1—Schematic diagrams of the integrated-circuit rf amplifiers: (a) CA3004; (b) CA3005 or CA3006. The terminal arrange- 
ment on the TO-5 package, which is the same for each type, is also shown. 


In the CA3004 circuit, resistors (R, and R-,) are included 
in the emitter leads of the differential pair of transistors, Q, 
and Q,. The degeneration introduced by these unbypassed 
emitter resistors improves the linearity of the transfer char- 
acteristics and increases the signal-handling capabilities of 
the circuit. Fig. 2 shows the dynamic transfer and limiting 
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Fig. 2—Dynamic transfer and limiting characteristics 
of the CA3004 integrated-circuit rf amplifier. 


characteristics of the CA3004. The characteristics show that 
linear operation is possible over a wide range of differential 
input voltage and, thus, indicate that relatively large input 
signals can be handled by the circuit without limiting. 

In the CA3005 and CA3006 circuits, no emitter resistors 
are provided for the differential pair of transistors. As a 
result, these circuits have a smaller dynamic range and pro- 
vide higher gain than the CA3004 circuit. The dynamic 
transfer and limiting characteristics of the CA3005 and 
CA3006, given in Fig. 3, show that these circuits are very 
good limiting amplifiers. A comparison of the curves in 
Fig. 3 with those given for the CA3004 in Fig. 2 empha- 
sizes the excellent limiting characteristics of the CA3005 
and CA3006. 


SUPPLY-VOLTAGE CONNECTIONS 


The CA3004, CA3005, and CA3006 circuits may be 
operated, at various levels of supply voltage, from single or 
dual dc power supplies. For dual-supply operation, either 
symmetrical or nonsymmetrical power supplies may be used. 
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Fig. 3—Dynamic transfer and limiting characteristics of the 
CA3005 or CA3006 integrated-circuit rf amplifier operated 
in the differential-amplifier configuration. 


Fig. 4 shows the supply-voltage connections for differ- 
ential- and cascode-amplifier operation of the CA3005 or 
CA3006 from single and dual supplies. When two supplies, 
one for positive voltage and one for negative voltage, are 
used, as shown in Figs. 4(a) and 4(c), fewer external com- 
ponents are required. When only one supply is used, an 
external resistive voltage divider and bypass capacitor must 
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Fig. 4—Schematic diagrams showing supply-voltage connections to the CA3005 or CA3006 for operation from either single or 
dual power supplies: (a) Differential-amplifier configuration operated from dual supplies; (b) Differential-amplifier con- 
figuration operated from a single supply; (c) Cascode configuration operated from dual supplies; (d) Cascode configuration 


operated from a single supply. 


be added to the circuit, as shown in Figs. 4(b) and 4(d). 
Tuned amplifiers that operate from dual supplies, such as 
that shown in Fig. 4(a), require the least number of external 


components. 


For either single- or dual-supply operation, the operating 
current of transistor Q, is determined by the bias voltage, 
Ver, applied between terminals 2 and 3 on the CA3004 or 
between terminals 8 and 12 on the CA3005 and CA3006 
(refer to the circuit diagrams in Fig. 1). The more negative 
terminal of the bias-voltage source must be connected to 
terminal 3 on the CA3004 or to terminal 8 on the CA3005 
and CA3006, In dual-supply systems, terminal 2 of the 
CA3004 and terminal 12 of the CA3005 and CA3006 are 
usually returned to de ground. 


OPERATING MODES 


For any given bias voltage Ver, there are four possible 
operating modes for the integrated-circuit rf amplifiers. In 
general, each mode is characterized by (1) a distinct level 
of operating current and corresponding transconductance, 
(2) the degree of dependence of the operating current on 
temperature, and (3) the way in which the transconductance 


is affected by temperature. The operating points for the var- 
ious modes are established by: 


1. The emitter resistance selected for the constant-cur- 
rent-source transistor, Q,; 


2. Whether the base-bias network includes the diodes 
shown in Fig. 1. 


3. The magnitude of the bias voltage, Vur, applied to the 
circuit. 


Table I lists the required conditions for the four operating 
modes, designated A, B, C, and D. The following paragraphs 
describe the characteristics of the circuits in each operating 
mode. The data are given for operation of the circuits from 
symmetrical dual power supplies at three levels of de supply 
voltage (+3 volts, +4.5 volts, and +6 volts). 

Fig. 5 shows the operating current for the various modes 
as a function of temperature. The current-temperature data 
show that, in addition to the obvious shift in the level of 
operating current, the dependence of the operating current 
on temperature varies significantly with a change in the 
operating mode. 

When the diodes are included in the base-bias circuit 


mA 
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TABLE I 


Required Conditions for Each Operating Mode of the CA3004, CA3005, and CA3006 
Integrated-Circuit RF Amplifiers 


CA3004 CA3005 or CA3006 Diodes 
Terminals Shorted Terminals Shorted In or Out Q-3 
Operating To To of Emitter 

Mode* Terminal 3 Terminal 8 Bias Circutt Resistor(s) 
A ess — In R, a. R; 
B 5 4 Out R, + Rs 

G 4 5 In R; 

D 4,5 4,5 Out Rs 


*For all modes, terminals 2, 6, and 12 of the CA3004 and terminals, 1, 7, and 12 of CA3005 
and CA3006 are grounded. 
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Fig. 5—Variation in the operating currents of the CA3004, CA3005, or CA3006 as a function of temperature for each mode of 
operation. 
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(modes A and C), the operating current, which is primarily 
dependent on the temperature coefficient of the diffused 
emitter resistor, tends to decrease with an increase in tem- 
perature at a rate that is relatively independent of the bias 
supply voltage Ver. When the diodes are not used, however, 
the shape of the current-temperature curves is dependent on 
the magnitude of the supply voltage Vrr. The operating cur- 
rent then may remain constant or rise as the temperature is 
increased, depending upon the value of Ver. The positive 
supply voltages, shown in Fig. 5, have no effect on the oper- 
ating current, and the current-temperature curves are not 
changed by increases or decreases in this voltage. Some de- 
viation in the current-temperature curves is to be expected 
because of normal variations in the absolute resistor values. 

Fig. 6 shows the effects of different operating modes and 
variations in temperature on the single-ended transconduct- 
ance* of the CA3004. In general, when diodes are used in 


*The single-ended transconductance is the incremental output current 
for one collector of the differential pair of transistors divided by the 
incremental input voltage. The curves shown of this parameter are 
obtained at an operating frequency of 1 MHz. 
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the base-bias network, the transconductance decreases with 
increases in temperature. If the diodes are not used, the 
transconductance may decrease, increase, or remain con- 
stant as the temperature increases, depending on the value 
of the negative supply voltage Ver. With the diodes out, 
however, the collector operating point tends to shift when 
resistive loads are used. In applications that require a stable 
collector de operating point, therefore, operating mode A 
or C (diodes in) should be used. 

Fig. 7 shows transconductance-temperature curves for 
each operating mode of the CA3005 or CA3006, operated in 
a differential-amplifier configuration. These transconduct- 
ance curves differ from those for the CA3004 shown in 
Fig. 6 primarily because of the emitter resistors used in the 
CA3004. For each operating mode, the operating points for 
the differential-amplifier configuration of the CA3005 or 
CA3006, as well as for the CA3004, provide a current in 
each collector of the differential pair of transistors that is 
equal to one-half that shown in Fig. 5. 

In a cascode configuration of the CA3005 or CA3006, the 
current through each part of the common emitter-common 
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Fig. 6—Variation in the single-ended transconductance of the CA3004 as a function of temperature for each operating mode. 
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Fig. 7—Variation in the single-ended transconductance of the CA3005 or CA3006 in a differential-amplifier configuration as a 


function of temperature for each operating mode. 


base cascode is equal to the total current shown in Fig. 5 in 
each mode. Fig. 8 shows the transconductance-temperature 
curves for each operating mode of the cascode circuit. These 
curves show that, in general, the transconductance is higher 
when the diodes are included in the base-bias network 
(modes A and C) than it is when the diodes are not used 
(modes B and D). 

The power dissipation of the CA3004, CA3005, or 
CA3006 is highest when the circuit is operated in mode C. 
Table II shows power dissipation and the single-ended trans- 
conductance of the circuits for each operating mode. These 
data may be used to determine the operating point that pro- 
vides the highest value of transconductance per milliwatt of 
circuit dissipation for given design conditions. 


CHARACTERISTICS OF THE RF 
AMPLIFIER CIRCUITS 
Y PARAMETERS 


In the design of rt and if circuits, the four-terminal black- 
box short-circuit admittance parameters have become a 


valuable tool. The determination of stability criteria, input 
and output impedances as a function of load and source ad- 
mittance, power gain, and voltage gain in iterative connec- 
tions are all facilitated by a knowledge of the “y” parameters. 

The “‘y” parameter curves presented in this section have 
been calculated from a model and verified at several points 
by measurements. These curves are a valuable aid in the 
design of systems that use integrated circuits. The admit- 
tance curves are all generated for a quiescent operating cur- 
rent of 1.25 milliamperes in each of the transistors Q, and 
Q, in the differential-amplifier configurations and for a 
current of 2.5 milliamperes in transistor Q, in the cascode 
configuration. This operating current is obtained in the 
operating mode D, as defined in the preceding section, with 
supply voltages of +6 volts. 

The “y” parameters and their symbols are listed below: 


1. Input admittance with the output voltage constant 
yi = gi + jbi 
where yi is the complex input admittance, gi is the input 
conductance and bi 1s the input susceptance. 
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TABLE II 


Relationship Between the Transconductance and the Power Dissipation of the 
Integrated-Circuit RF Amplifiers in Each Operating Mode* 


DC Supply Single-Ended Power 
Operating Type of Voltages Transconductance Dissipation 
Mode Circuit (volts) (millimhos) (milliwatts) 

CA3004 +3 A Fee 6.6 

CA3005 or CA3006 8.5 6.6 

CA3004 +4.5 6.7 15.0 

CA3005 or CA3006 12.8 15.0 

CA3004 +6 1.3 25.0 

CA3005 or CA3006 15.0 25.0 

B CA3004 +3 1.6 20 
CA3005 or CA3006 1.9 23 

CA3004 +4.5 4.0 tae 

CA3005 or CA3006 4.9 7.2 

CA3004 +6 5.3 15.0 

CA3005 or CA3006 7.2 15.0 

C CA3004 +3 7.5 17.5 
CA3005 or CA3006 22.0 17.5 

CA3004 +4.5 8.5 40.0 

CA3005 or CA3006 29.0 40.0 

CA3004 +6 9.1 62.8 

CA3005 or CA3006 37.0 62.8 

D CA3004 +3 3.3 4,2 
CA3005 or CA3006 5.0 4.2 

CA3004 +4,5 6.0 17.4 

CA3005 or CA3006 13.0 17.4 

CA3004 +6 dea 35.9 

CA3005 or CA3006 20.0 35.9 


*Circuits are operated in differential-amplifier configurations. The transconductances and power 
dissipations shown are calculated values for nominal units. 


2. Output admittance with the input voltage constant 
Yo = Bo a jb. 
where yo is the complex output admittance, g. is the output 
conductance, and bo is the output susceptance. 


3. Forward-transfer admittance with the output voltage 
constant 
Viti. Or 5 jbr 
where yr is the complex forward-transfer admittance, gr is 
the forward-transfer conductance, and br is the forward- 
transfer susceptance. 


4. Reverse-transfer admittance with the input voltage 
constant 
yr = gr + jbr 
where yr is the complex reverse-transfer admittance, gr is 
the reverse-transfer conductance, and br is the reverse- 
transfer susceptance. 


A comparison of the parameters of the various possible 
circuit configurations with those of the more familiar com- 
mon-emitter parameters requires a second subscript to indi- 
cate the type of configuration being considered. Examples of 
the use of the second-subscript notation are given below: 


The common-emitter reverse-transfer admittance is writ- 
ten as 
Yre = Qre + jbre 


The differential-amplifier reverse-transfer admittance is 

expressed as 
Yrpa = Qrpa ar jbrpa 

The cascode-amplifier reverse-transfer admittance is given 

as 
Yroas = Qrcas + jbrcas 

These cumbersome second subscripts will not be used 
when the type of circuit for which the parameter is given 
is clearly indicated by an illustration or a descriptive phrase 
in the text. 

In general it is valuable to understand the essential dif- 
ferences between the “y” parameters of a regular common- 
emitter stage and those of the compound stages, such as 
differential and cascode amplifiers. 

The differential amplifier, when used at radio frequencies, 
consists essentially of a common-collector stage that drives 
a common-base stage. In comparison to the regular, com- 
mon-emitter “y” parameters, the input admittance y: the 
output admittance yo, and the forward transfer admittance 
yt, are decreased, almost exactly, by a factor of two when 
the differential-amplifier configuration is used. 

The reverse-transfer admittance yr is also less for the 
differential amplifier than for the single transistor in the 
common-emitter configuration. The ratio of the imaginary 
term in the differential-amplifier admittance to that of the 
single transistor is 1/140 at low frequencies and 1/10 at 
100 MHz. Fig. 9 shows the ratios of imaginary parts 
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Fig. 8—Variation in the transconductance of the CA3005 or CA3006 in a cascode configuration as a function of temperature for 


each operating mode. 
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emitter stage to those for a differential-amplifier stage as a function of frequency. 


bre/brna and real parts gre/groa of the reverse-transfer ad- 
mittances as a function of frequency. 

In the cascode configuration of the rf amplifier circuits, a 
common-emitter stage drives a common-base stage. The 
input admittance yi: is, therefore, that of a common-emitter 
stage. The forward-transfer admittance ys is that of a com- 
mon-emitter stage times alpha. Because of the high-imped- 
ance drive source on the common-base stage, the output 


admittance yo is very low (0.06 x 10-5 mhos) at low fre- 
quencies and is both negative and low at high frequencies. 
Since the output admittance is low and may be negative, a 
conjugate match cannot be obtained at the output. Practical 
amplifiers are possible however, provided that the sum 
Yout + Ytoaa is positive. 

The reverse-transfer admittance yr for the cascode cir- 
cuit is less than that for the single-stage common-emitter 
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circuit. The ratio of the imaginary terms of these admit- 
tances is 1/1200 at low frequencies and 1/35 at 100 MHz. 
The ratios of the real parts and of the imaginary parts as 
a function of frequency are shown in Fig. 10. 
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(susceptance) parts of the reverse-transfer admittance 
for a common-emitter stage to those for a cascode 
stage as a function of frequency. 


Although the yr is low for both the differential and cas- 
code configurations, instability can occur in high-gain ampli- 
fiers. A further consideration in high-gain circuits is that the 
layout can contribute more feedback than the integrated 
circuit. Shielding and layout therefore are of prime im- 
portance if proper advantage is to be taken of the low feed- 
back of these circuits. 

The computed y parameters for the CA3004 differential 
amplifier are shown in Fig. 11. The admittance parameters 
for differential-amplifier operation of the CA3005 or 
CA3006 are given in Fig. 12 and those for cascode-amplifier 
operation of either circuit are given in Fig. 13. 
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VIDEO-AMPLIFIER CAPABILITIES 


The CA3004, CA3005, and CA3006 integrated circuits 
may be used as video amplifiers, as shown in Figs. 14(a) 
and 14(b). A relatively large number of external compo- 
nents is required, and the availability of internal-circuit 
connections for these external components provides a large 
degree of flexibility to the user with respect to such factors 
as bandwidth, gain, power dissipation and peaking. In the 
circuit shown in Fig. 14(a), R, should be equal to R, to 
preserve the circuit balance, and C, should be an adequate 
bypass so that the noise factor and gain are not degraded. 
For the cascode configuration shown in Fig. 14(b), C, is 
an emitter bypass, and its reactance should be less than 
1.5 ohms at the lowest video frequency to be handled. 

In either cascode or single-ended differential-amplifier 
configurations, the feedback is low. Each configuration pro- 
vides good isolation from output to input; the high fre- 
quency performance therefore can be approximated from 
the input and output parallel R and C for a single stage or 
from the total shunt R and C between stages for an iterative 
connection. The mid-frequency voltage gain can be com- 
puted from the familiar gnRu product. As an aid to such 
calculations, Table III gives the input and output parallel 
R and C and the absolute values of gm for the various cir- 
cuits and configurations for operation at 1, 10, and 40 MHz. 
For more precise, but more elaborate calculations, the v 
parameters may be used for video-amplifier design. 


NOISE PERFORMANCE 


The noise figure of the CA3004, CA3005 and CA3006 
integrated-circuit rf amplifiers is a function of the de oper- 
ating current and frequency, for both differential and cas- 
code-amplifier configurations. The noise figure increases 
both with an increase in current and with an increase in fre- 


TABLE III 


Input and Output Parallel RC Network, Transconductance, and Performance Data 
for the CA3004, CA3005, and CA3006 Integrated-Circuit RF Amplifiers 


VIDEO PERFORMANCE 
(Simulated Iterative Connection) 


Transconduct- High- Freq. Mid-Band 
Freq. Input Parallel RC Output Parallel RC ance, £m Interstage 3-dB Point Voltage 
(MHz) Rin (ohms) Cin (PF) = Rout (ohms) Cout (pF) (millimhos) Rx (ohms) (MHz) Gain (dB) 
CASCODE OPERATION (CA3005 OR CA3006) 
1 500 42 —1.67:X 108 3.0 78 23 19.3 Measured 
10 500 42 —1.67 X 10° BAN) it 150 
40 180 22 —6 X 105 3.0 58 20 20.6 Calculated 
DIFFERENTIAL-AMPLIFIER OPERATION (CA3005 OR CA3006) 
1 2500 16 10° 4.0 20 18 19.5 Measured 
10 1800 13 4 X 104 4.0 20 500 
40 670 10.5 2800 7.6 18.6 16 20.0 Calculated 


DIFFERENTIAL-AMPLIFIER OPERATION (CA3004) 


1 6650 8 17 xe 103 6.5 
10 6650 6.2 10° 6.1 
40 2000 5.0 DES L.OF 6.8 


7.8 18.4 17.2 Measured 
7.8 1000 
7.6 15 18.0 Calculated 


Data obtained for circuits operated from +6-volt dc supplies in operating mode D. 
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Fig. 11—Admittance characteristics of a CA3004 differential 
Output admittance, y.; (c) Output susceptance, bo, 
transfer admittance, yr. 


quency. For convenience, noise data were taken in a fixed 
configuration as the negative supply voltage was varied. On 
the data plots, the operating currents that correspond to the 
various supply voltages are included as a separate abscissa 
to show that the noise figure is a direct function of operat- 
ing current. Figs. 15 and 16 show representative noise-figure 
data for tuned amplifiers in the differential and cascode 
configuration, respectively. In each case, the input and out- 
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amplifier as a function of frequency: (a) Input admittance, yi; (b) 
above 10 MHz; (d) Forward-transfer admittance, y;; (e) Reverse 


put are tuned and the input is conjugately matched to a 
50-ohm noise diode. Practically no change in noise figure 
occurs with variations of the positive supply voltage Vcc. 
The curves in Figs. 15 and 16 show that, for optimum 
single-stage noise performance, the operating current should 
be low, which results in a low gain. Thus, in system appli- 
cations of the tuned amplifiers, the operating current in each 
stage should be adjusted to obtain the optimum overall noise 
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Fig. 12—-Admittance characteristics of a CA3005 or CA3006 differential amplifier as a function of frequency: (a) Input admit- 
tance, yi; (b) Output admittance, yo; (c) Forward transfer admittance, y;; (d) Reverse transfer conductance, g,; 


(e) Reverse transfer susceptance, b,. 


figure by considering the gain and noise figure of the first 
stage and the noise figure of the second stage. The operating- 
current adjustment can be accomplished by a change in the 
negative-supply voltage (Ver) or by means of the bias con- 
nections that are available. 

Fig. 17 shows the noise figure as a function of the source 
resistance for a CA3005 or CA3006 used as a differential 
amplifier at an operating frequency of 12 MHz. The equa- 


tion given in the figure can be used to predict noise perform- 
ance as a function of source resistance for dc operating 
conditions. The load resistor Rx of the circuit is 2200 ohms 
and Rw = 800 ohms. (Rw is the equivalent noise resistance). 


COMMON-MODE REJECTION RATIO 


The common-mode rejection ratio of a differential ampli- 
fier, defined as the ratio between the full differential gain 
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Fig. 13—Admittance characteristics of a CA3005 or CA3006 cascode amplifier as a function of frequency: (a) Input admittance, 
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Fig. 14—Schematic diagrams showing the use of the integrated-circuit rf amplifiers as video amplifiers: (a) CA3004 in a differ- 
ential-amplifier configuration; (b) CA3005 or CA3006 in a cascode-amplifier configuration. 
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Fig. 15—Representative noise performance of the CA3004, 
CA3005, or CA3006 operated in a differential-amplifier 
configuration (operating mode D). 
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Fig. 16—Representative noise performance of the CA3005 
or CA3006 operated in a cascode-amplifier 
configuration (operating mode D). 


and the common-mode gain, is a useful performance char- 
acteristic. The common-mode rejection is a function of the 
ratio of the impedance of the constant-current transistor Q, 
to the load resistor. The common-mode rejection decreases 
if the signal applied is large enough to saturate the constant- 
current transistor. The maximum peak-to-peak input volt- 
age, therefore, is a function of the supply voltages and the 
bias connections of the constant-current transistor. The 
common-mode rejection for a 1-kHz signal is shown in 
Table IV. 


a ee 


TABLE IV 


Common-mode Rejection Ratio for the CA3004, CA3005, and 
CA3006 Integrated-Circuit RF Amplifiers 


At —55°C At 25°C At 125°C 
CA3004 102 dB 98 dB 101 dB 
CA3005 or CA3006 108 dB 101 dB 107 dB 


Operating frequency = 1 kc/s. 
Load resistance, RL = 1000 ohms in each collector. 
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Fig. 17—Noise figure of the CA3005 or CA3006 in a 
differential-amplifier configuration as a function 
of the source resistance (operating mode D). 


Fig. 18 shows the single-ended common-mode gain for the 
CA3004, CA3005, and CA3006 as a function of frequency. 
(Fig. 19 shows the method used to determine the single- 
ended common-mode gain.) The common-mode rejection 
decreases with increasing frequency when the CA3004, 
CA3005, and CA3006 are operated with a single-ended 
output. 


GAIN CONTROL 


The gain of the CA3004, CA3005, and CA3006 circuits 
may be controlled in either of two ways: (1) The negative 
voltage applied to the base-bias resistor R, can be adjusted 
to vary the current in transistor Q, or (2) A differential offset 
voltage can be applied to transistors Q, and Q,. In both 
techniques, the gain-control voltage has a ground reference 
in a two-supply system, and maximum gain is obtained at 0 
volts. The first method provides greater gain-control range 
but also requires more control voltage than the second 
method. Figs. 20 and 21 show the typical gain control as a 


*Single-ended common-mode gain: The ratio of the change in the 
single-ended output voltage, measured from either output terminal 
with respect to grotind, to the change in the input voltage applied si- 
multaneously to both inputs of the circuit, i.e., single-ended common- 
mode gain =AV,,,/AV,.,,, aS Shown in Fig. 19. 
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Fig. 18—Single-ended common-mode and differential-mode 
gains of the CA3004, CA3005, or CA3006 
as a function of frequency. 
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Fig. 19—Schematic of the circuit used to determine 
the single-ended common-mode gain. 


function of voltage for the CA3005 or CA3006 for the two 
methods, Fig. 20 gives the gain-control characteristic for 
the CA3005 or CA3006 when the gain-control voltage is 
applied to the base-bias network of transistor Q;. Since the 
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Fig. 20—Gain-control characteristics of the CA3005 or CA3006 
as a function of the dc gain-control voltage applied 
to the bias network of transistor Qs. 


Q, bias networks are the same, the gain characteristics for 
the CA3004 are nearly the same as those for the CA3005 
and CA3006. Fig. 21 shows that in the offset method of gain 
control the gain range is dependent on the polarity of drive. 
For maximum gain-control range on a single-ended ampli- 
fier, the common-collector transistor should be cut off 
(negative voltage applied to its base). Because of the emitter 
resistors, R, and R,, the CA3004 circuit will require more 
de voltage for the same gain reduction as the CA3005 or 
CA3006, and the de voltage required will be a function of 
the initial operating current. 
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Fig. 21—Gain-control characteristics of the CA3005 or CA3006 
as a function of the dc offset voltage, Vss, applied to the 
differential pair of transistors Q; and Q:. 
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The maximum gain-control range that can be provided 
by a reduction in the current of transistor Q, varies with 
frequency as shown in Fig. 22. The maximum gain-control 
range that can be obtained is dependent on the full gain 
used, the circuit loading, and the external-circuit layout. 
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Fig. 22—Maximum gain control provided by variations 
in the current through Q; as a function of frequency. 


A large part of the variation in the maximum gain con- 
trol for the different circuits results from differences in the 
initial gain of the various circuits. Capacitive feed through 
appears less for the cascode than for the differential-ampli- 
fier configuration. 

The following discussion of cross modulation describes 
variations of the two gain-control techniques. 


CROSS-MODULATION AND MODULATION 
DISTORTION 


Cross-modulation and modulation distortion are impor- 
tant considerations in the selection of an amplifier for use 
in AM systems. Cross-modulation distortion refers to the 
transfer of modulation from an undesired carrier to the 
desired carrier by nonlinearities in the amplifier. Modulation 
distortion is a change in the modulation on the desired car- 
ried caused by the same amplifier nonlinearities that produce 
cross modulation. The two forms of distortion are related 
by the following equation: 

Daas iK 3 

— — = -m:1 

eb hier 
where D, is the per cent of distortion in the modulation on 
the desired carrier (i.e., the modulation distortion), K is the 
per cent of cross-modulation distortion, V, is the amplitude 
of the desired-carrier voltage at the input, V, is the ampli- 
tude of the undesired-carrier voltage at the input, and m is 
the per cent of modulation of the desired carrier. 

When D, and K are equal and m is 100 per cent, the ratio 
of V, to V, is 1.64. In the following paragraphs, data are 
given for only the cross-modulation distortion. The modula- 
tion distortion can be predicted from these data, however, 
on the basis of the relationship of V, to V,. For example, in 
Fig. 23, V, is given as 22 millivolts for a gain of 0 dB. The 
value of V,, then, is 1.64 x 22, or 36 millivolts. 

Figs. 23 through 27 show the cross-modulation distortion 
of the CA3004, CA3005, and CA3006 integrated circuits as 
a function of their gain-control characteristics in both dif- 
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ferential-amplifier and cascode-amplifier configurations. The 
amount of cross-modulation distortion is determined by the 
two-generator method with the input of the circuit under 
test driven from a 50-ohm source and with its output tuned 
to the frequency of the desired carrier. The amplitude of 
the undesired-carrier input voltage is that necessary to pro- 
duce 10 per cent cross-modulation distortion for each 
manually determined gain-control setting. 

Differential-Amplifier Configurations —- The availability 
of internal connection points make possible several methods 
of gain control in differential-amplifier configurations of 
the CA3004, CA3005, and CA3006 circuits. Only two of 
these methods need be considered, however, to obtain an 
adequate evaluation of the cross-modulation characteristics. 
These include (1) the variation of the current in the con- 
stant-current transistor, Q,, and (2) the use of an offset 
voltage to produce an unbalance in the differential pair of 
transistors, Q, and Q,. 

Fig. 23 shows the cross-modulation distortion character- 
istics of the CA3004, CA3005, and CA3006 with the dif- 
ferential pair of transistors balanced and with age applied 
to the constant-current transistor. Because of the increased 
linearity that results from the emitter resistors R, and R,, 
the CA3004 has improved cross-modulation characteristics 
at high current. The interfering signal voltage required to 
produce 10 per cent of cross modulation distortion is prac- 
tically a constant over the entire age range for the CA3005 
and CA3006. The value of the interfering signal voltage 
(approximately 15 mv) for the CA3005 and CA3006 is 
twice that calculated from the logarithmic transconductance 
characteristic of a single transistor. 
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Fig. 23—Gain control as a function of the input voltage from an 
undesired carrier that will produce cross-modulation distortion 
of 10 per cent for balanced differential-amplifier operation 
of the CA3004, CA3005 and CA3006. The gain-control volt- 
age is applied to bias network of the constant-current transistor. 


Fig. 24 shows the cross-modulation distortion character- 
istic of the CA3005 and CA3006 when an offset voltage is 
applied to control the gain. The improved cross modulation 
performance at —S5 dB gain is coincident with an inflection 
point on the curve of tranconductance as a function of input 
offset voltage. This point occurs at an offset voltage of ap- 
proximately 50 millivolts. 
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Fig. 24—Gain control as a function of the undesired-carrier 
voltage that will produce 10 percent cross-modulation 
distortion for differential-amplifier operation of the 
CA3005 or CA3006 when gain control is provided 
by the application of an offset voltage to the 
differential pair of transistors. 


The cross-modulation performance is improved by the 
offset of the differential pair of transistors. Fig. 25 shows 
the cross-modulation data when an initial offset of 50 milli- 
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Fig. 25—Gain control as a function of the input voltage 
trom an undesired carrier that will produce cross 
modulation distortion of 10 per cent, for a 
differential-umplifier configuration of the 
CA3005 or CA3006 having a 50-millivolt 
offset and with the gain control voltage 
applied to the bias network of the 
constant-current transistor. 


volts is employed and age is applied to the constant-current 
transistor. The introduction of the unbalance reduces the 
cross-modulation distortion to approximately 10 dB less 
than that of the balanced circuit. This reduction in cross- 
modulation distortion, however, is accompanied by a de- 
crease in gain of approximately 5 dB. 

Cascode Configurations — Cross-modulation data for 
cascode configurations of the integrated-circuit rf ampli- 
fiers are given for only the CA3005 and CA3006 circuits, 
because the CA3004 circuit is not designed for this type of 
operation. When the CA3005 or CA3006 is operated in the 
cascode configuration, gain control may be provided by 
either of two methods: (1) A negative voltage may be applied 
to the base of transistor Q, or (2) A negative voltage may 
be applied to the base of transistor Q,. 

In the first method, the gain is reduced by the application 
of a negative-going voltage at terminal 12. As the amplitude 
of this voltage is increased to the value required to cut off 
transistor Q,, the gain of the circuit is decreased. The cross- 
modulation distortion characteristics for this type of gain 
control are shown in Fig. 26. The cross-modulation char- 
acteristics are comparable to those of a single transistor 
having a bypassed emitter resistor. 

The cross-modulation distortion characteristics obtained 
for the second method of gain control are shown in Fig. 27. 
No improvement in cross-modulation characteristics over 
those obtained for the first gain-control method are observed, 
although the age range is greater. 


MIXER CAPABILITIES 


The CA3004, CA3005, and CA3006 integrated circuits 
may be used as mixers, modulators, and product detectors. 
The schematic diagrams in Figs. 28(a) and 28(b) illustrate 
the use of these circuits in mixer applications. The oscillator 
input is injected at the base of transistor Q, (because there is 
no direct-base connection available on the CA3004, a higher 
oscillator drive voltage is required for this circuit); the rf 
input is injected single- or double-ended to the bases of 
transistors Q, and Q,. The use of a center-tapped inductor 
for the output tuned circuit (double-ended) allows the com- 
mon-mode signal of the oscillator to be balanced out so that 
the oscillator will not overload subsequent stages, and pro- 
vides carrier suppression for modulators. 

The gain performance and generation of harmonics in 
the CA3004, CA3005, and CA3006 mixer circuits are de- 
pendent on the amplitude of the oscillator drive signal and 
the dc bias. The expression for product detection or fre- 
quency multiplication in the CA3005 or CA3006 (consult 
Fig. 29) are determined as follows: 

Co = C1 Ym Zu (1) 
where e» is the output voltage, e: is the differential input 
voltage, gm is the transconductance of the differential pair of 
transistors (Q, and Q.), and Zz is the load impedance (total 
between collectors). For a balanced circuit, the transcon- 
ductance is given by 


eepart 9) 
Be KT (2) 


The term I., is used to represent the collector current of 
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Fig. 26—Gain control of the CA3005 or CA3006, in a cascode configuration, as a function of the undesired-carrier voltage that 
will produce 10 per cent cross-modulation distortion when the gain is controlled by a negative bias voltage applied to 
the base of transistor Q; The schematic diagram illustrates the circuit configuration. 
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Fig. 27—Gain control of the CA3005 or CA3006, in a cascode configuration, as a function of the undesired-carrier voltage that 
will produce 10 per cent cross-modulation distortion when the gain is controlled by a negative bias voltage applied 
to the base of transistor Q,;. The schematic diagram illustrates the circuit configuration. 
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Fig. 28—Circuit diagrams for the use of the integrated-circuit rf amplifiers as mixers (operating mode D): (a) CA3004; (b) CA3005 
or CA3006. 
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Fig 29—Circuit diagram of a CA3005 or CA3006 
balanced mixer (operating mode D). The equation. 
derived for product detection or multiplication 
are based on this circuit. 


~VEE 


transistor Q, and may be expressed as 
I, = gmp Cy (3) 

where gm. is the transconductance of transistor Q, and e, is 
input voltage applied to transistor Q,. The output voltage, 
eo, therefore is given by the following equation: 
APA 
A OKT 

Eq. (4) is a general expression for the output voltage of 
the mixer having input signals e, and e,. With emitter de- 
generation in the constant-current transistor (Q;), gm, is 
essentially constant for a sufficiently large emitter current 
(> 1 ma); the current I., therefore, follows the applied volt- 
age eo. 

When e, and e, are sinusoidal and gm is a constant, the 
input signal voltages are given as follows: 


0 


ey i Zmo Zi. (4) 


. * . 

e, = E; elet a E, eet (5) 
. * . 

e = BE elo o E> en ier (6) 


* * 
(E, is the conjugate of E,, and E, is the congugate of E.) 
With the substitution of these relationships, the equation 


for the output voltage the CA3005 or CA3006 now becomes 


i fA ; 
en gM Zi [E, Bret! + w)t +, Eykvens” 7 ont) 


wyatt) 
2KT 


a x 7e * : 
a or Paz: Ei be et EB e Mes oy (7) 


Eq. 7 gives the output voltage for a CA3005 or CA3006 
used as a product detector or multiplier. (Note that only the 
two sideband frequencies are included in the output). The 
requirements for product detectors or multipliers are that 
the circuit should be biased in a linear region with a small 
signal voltage applied. Because aq gm./2KT is essentially 
constant, the gain of the mixer is determined from Zz and 
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the e,e, product. The linearity of the CA3006 is illustrated 
by the curve of the conversion transconductance as a func- 
tion of the oscillator voltage, shown in Fig. 30. (Although the 
curve is plotted on logarithmic paper because of the wide 
range, the relationship is linear.) The gain reaches a max- 
imum value at approximately 2.5 volts rms. Because meas- 
urement inaccuracies prevent the use of this curve to 
determine harmonic generation, spurious-signal measure- 
ments were taken on CA3005 and CA3006 mixer circuits. 
For these measurements, the rf input was untuned and 
the oscillator and if frequencies were held constant. For 
a fixed amplitude of oscillator injection on terminal 3, the 
rf was varied in frequency, and the amplitude of the re- 
sponses was recorded. The results are shown in Table V. 
The spurious signals generated are a function of oscillator 
drive. A low oscillator drive (0.1 volt rms) produced only 
three spurious signals for which the rejection was less than 
70 dB down. These measurable spurious responses were 
third-order products that involved the second harmonic of 
either the oscillator or rf signal. The relative if gain increases 
with decreasing oscillator drive because of lower mixer gain. 
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Fig. 30—Conversion gain of a CA3005 or CA3006 mixer circuit 
as a function of the oscillator voltage. 


The common-mode cancellation of the oscillator signal at 
the collector outputs is indicative of the carrier suppression 
that can be provided in modulators. The carrier suppression 
is a function of output tuned-circuit balance and the trans- 
istor offset voltage. The contribution of the offset is illus- 
trated in Figs. 31 and 32 which show the output signal as 
a function of the offset voltage for the CA3004 and for 
CA3005 and CA3006 respectively. These data were ob- 
tained on circuits operated with a balanced output tuned 
to the oscillator frequency. 
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TABLE V 
Response of a CA3005 or CA3006 Mixer to Spurious Harmonics 

Diff.- Freq. Diff.- Freq. Diff.- Freq. Diff.- Freq. 

Signal eure Output (dB Visa Output (dB Vets Output (dB Vote Output (dB 

Freq., fz atterm.3 relativeto atterm.3  wrelativeto atterm.3  relativeto atterm.3 relative to 

Frequency (MHz) (rms volts) fo — fz) (rms volts)  f, — fz) (rms volts) fo —fz)  (rmsvolts) fo — fs) 
fo — fx 1.0 1 0 0.7 0 0.3 0 0.1 0 
fit 0.659 1 TS 0.7 10 0.3 18 0.1 27 
2fx —f, 1.159 1 aul 0.7 —53.1 0.3 —54.9 0.1 —52.3 
2f. — 2fx 1.329 1 —76.1 0.7 — 0.3 — 0.1 — 
2fx — 2f, 1.988 1 —75.5 0.7 — 0.3 — 0.1 — 
fx —f, 2.318 1 0 0.7 0 0.3 0 0.1 0 
2f, — fx 2.659 1 —31.7 0.7 —35 0.3 —39.7 0.1 —47.8 
2fx — 3f, 2.813 1 —79.6 0.7 — 0.3 — 0.1 — 

f, — 2f, 3.977 1 —31.7 0.7 — 35 0.3 —39.7 0.1 —A47. 

iS 4.309 1 —35.8 0.7 —59.3 0.3 —74.7 0.1 — 
fx — 3f, 5.627 1 —38.5 0.7 —57 0.3 —74 0.1 — 
4f, — fx Salih 1 —38.9 0.7 —63 0.3 — 0.1 — 


f, = 1.659 Mc/s; Vose = oscillator injection voltage. 


a a ne a a a, ere a eae 
All blank spaces indicate difference-frequency output more than 70 dB below the f, - f, output. 
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Fig. 31—Cancellation of the oscillator signal at the output of a 
CA3004 mixer as a function of the dc offset voltage. 


LIMITER CHARACTERISTICS 


Differential-Amplifier Configuration — The differential- 
amplifier, driven by a constant-current transistor, is probably 
the optimum circuit configuration for bipolar transistor lim- 
iters. The advantage of such circuits in limiter applications 
is that collector saturation of either transistor Q, or Q, can 
be avoided because of the action of the constant-current 
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Fig. 32—Cancellation of the oscillator signal at the output of a 
CA3005 or CA3006 mixer as a function of the dc offset voltage. 


transistor Q,. Figs. 2 and 3 show typical limiting character- 
istics for the CA3004 and for the CA3005 and CA30C6 
respectively. For the CA3005 and CA3006 (no emitter de- 
generation), “hard” limiting is achieved for a peak-to-peak 
input of 300 millivolts for all values of total de current (Icc). 
For the CA3004, the input voltage required for “hard” lim- 
iting is a function of Icc because of the linearizing effect of 
the degenerative emitter resistors, R, and R;. As saturation 


hhh 779 


TABLE VI 


Limiter Performance of a Differential Amplifier 
te a a eee ee re es 


Maximum Maximum 
Resistive Tuned 
V Supply Ic, + Ic: Load Load 
(volts) (mA) (ohms) (ohms) 
6 0.5 12000 24000 
6 1.0 6000 12000 
6 2.0 3000 6000 
6 3.0 2000 4000 
Vsupply es 
Ry = ——— Resist 
rb “haa pe esistive Load 
2 Vsupply 
RL = — Tuned Load 
L* Ie1 + Ic2 i 


gmRL = voltage gain 


must be prevented for good limiting, a maximum load re- 
sistor and low-level voltage gain exists for a given Icc and 
positive supply voltage. Table VI shows the maximum re- 
sistor values and voltage gains usable for Vcc = 6 volts, for 
the three circuit types. The low-level transconductance can 
be obtained from the slope near the origin for the curves 
shown in Figs. 2 and 3. The maximum voltage gain is inde- 
pendent of Ivc in the CA3005 and CA3006 and is dependent 
on Icc in the CA3004. Figs 5 through 8 show the Icc currents 
and transconductance for optional operating conditions. 
When the differential amplifier is used for limiting, the 
emitter-to-base breakdown voltage for transistors Q, and Q, 
cannot be exceeded without degradation in performance. 
For the CA3004, CA3005, and CA3006, this voltage in- 
cluding a safety margin should not exceed 2.5 volts rms. 
Either of two methods may be used to prevent this value 
being exceeded: (1) Make sure the preceding stage limits 
before the input voltage reaches 2.5 volts (maximum voltage 
gain per stage approximately 20 dB), or (2) add one junction 
diode (D,), as shown in Fig. 33 (this allows a maximum usa- 
ble voltage gain consistent with good limiting and stability). 


+Voc 


—Vee 


Fig. 33—Circuit diagram of a CA3005 or CA3006 differential- 


amplifier limiter that uses a diode to provide 
input overload protection. 


Cascode Amplifier — The limiting characteristics of the 
CA3005 or CA3006, when used as a cascode amplifier are 
dependent on the current limiting in transistor Q, or the 
voltage limiting of transistor Q, (high-impedance output 


Voltage Gain Voltage Gain 

With Emitter Without Emitter 

Degeneration Degeneration 

(dB) (dB) 
Resistive Tuned Resistive Tuned 
Load Load Load Load 

31 3, 35 41 
28 34 Sis: 41 
25 31 35 41 
22 28 35 41 


load). Limiting characteristics for both cases are shown in 
Figs. 34 and 35. The data in Fig. 34 are obtained with 
a collector load of 500 ohms. This limiting characteristic 
is “soft” and is acceptable over only a 20-dB range. The 
peak-to-peak voltage at the collector is never large enough 
to cause saturation. The limiting characteristic shown in 
Fig. 35 is obtained with a collector load of 5000 ohms, and 
saturation of transistor Q, occurs. The limiting is harder and 
covers a broader range, but severe tuned-circuit loading 
occurs. 
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Fig. 34—Limiting characteristics and circuit diagram 
of a CA3005 or CA3006 cascode limiter having 
a 500-ohm collector load impedance. 


APPLICATIONS OF THE RF AMPLIFIER 


CIRCUITS 
RF AMPLIFIER 

Figs. 36, 37, and 38 illustrate the use of the CA3004, the 
CA3005 or CA3006 differential-amplifier configurations, 
and the CA3005 or CA3006 cascode configurations, re- 
spectively, as single-ended rf amplifiers. Adjustable matching 
networks, derived from the y parameters, are included in 
each circuit. The values of the adjustable components as 
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Fig. 35—Limiting characteristics and circuit diagram of a CA3005 or CA3006 cascode limiter having a 5000-ohm collector load 
impedance. 
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FREQUENCY i ee G Gs 
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CIRCUIT ELEMENTS 
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Fig. 37—Circuit used to determine the rf performance capabilities of a CA3005 or CA3006 integrated-circuit rf amplifier in a 
differential-amplifier configuration. 
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CIRCUIT VALUES 


FREQUENCY L Cy L2 C2 
( MH2) (HH) (pF) (uH) (pF) 
30 0.3-0.6 14-150 0.8-1.4 5-40 
100 0.07-0.12 5-40 0.15-.3 5-40 
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Fig. 38—Circuit used to determine the rf performance capabilities of a CA3005 or CA3006 integrated-circuit rf amplifier in a 


cascode configuration. 


well as typical power gains are also shown in the figures. A 
conjugate match at the input is provided for all configura- 
tions. A conjugate match at the output is impossible for the 
cascode configuration (as pointed out in the discussion of 
y parameters). At 30 MIiz, the CA3005 differential amplifier 
output was mismatched. At high gains, the circuit feedback 
(yr) is low, but the external-circuit layout adds feedback. 

Tuned IF Amplifier — Two or more CA3004, CA3005 
or CA3006 integrated circuits can be connected in cascade 
for use as a tuned if amplifier for either AM or FM applica- 
tions. The schematic diagrams of two three-stage 12-MHz 
amplifiers are shown in Figs. 39 and 40, for FM and AM 
use, respectively. Both if amplifiers are housed in metal 
boxes, and adequate shielding and supply decoupling are 
provided. 

The amplifier shown in Fig. 39 (limiting amplifier for FM 
use), is designed to provide a gain per stage of 26 dB. At this 
gain per stage, diodes are required at the input to prevent 
base-to-emitter breakdown. For operation as a low-level 
limiter, the circuit input is matched, and the required gain 
fixes the unloaded Q of the tuned circuit and the collector 
load. Good noise performance for the first stage is obtained 
by the use of a high Q (200) toroid inductor for input trans- 
former T,. The other transformers are slug-tuned and have 
relatively low unloaded Q’s (70 to 100) which contribute 
the necessary insertion loss for the required gain. A lower 
unloaded Q was required for transformer T,, so 10,000 ohms 
of resistance was added in parallel with this transformer. 
Little or no skew is detectable in the response characteristic 
for this circuit, shown in Fig. 41. The limiting characteristic 
of the circuit is shown in Fig. 42. Other typical over-all per- 
formance characteristics are: 


Total power drain = 48 milliwatts 
Overall power gain = 77 dB 

3-dB bandwidth = 300 kHz 

Input limiting level = 30 microvolts 
Noise figure = 4dB 


The AM circuit (Fig. 40) uses three CA3004 circuits and 
is designed to provide a stage gain of 25 dB. The source re- 
sistance to the input circuit was chosen as 800 ohms as a 
satisfactory compromise for gain, noise figure, and modula- 
tion-distortion performance. Input and output transformers, 
T, and T,, have high unloaded Q’s (200) to preserve good 
noise performance and to maximize the output power. The 
interstage transformers, T, and T;, have low unloaded Q’s 
(37) to achieve the required gain. The second detector has a 
3-dB bandwidth of 5.0 kHz, the typical over-all performance 
characteristics are: 

Power drain = 83 milliwatts 

Power gain (to second-detector input) = 76 dB 
AGC range (Ist stage) = 60 dB 

Noise figure = 4.5 dB 

3-dB bandwidth = 160 kHz 

The signal-to-noise ratio of the circuit as a function of the 
input is shown in Fig. 43, and the frequency-response char- 
acteristic is shown in Fig. 44. 

Mixers — The use of the CA3004 and the CA3005 or 
CA3006 as balanced mixers to convert 20 MHz to 1.75 
MHz., is shown in Fig. 45. Because the input impedance of 
the two circuits differ by a factor of approximately 2:1, 
typically 4000 ohms for the CA3004 and 2200 ohms for the 
CA3005 or CA3006, different input transformers (T,) are 
required; the other tuned circuits, however, are the same. 
The output load impedance between collectors is approxi- 
mately 8000 ohms. The conversion power gain and noise 
figure as a function of the oscillator drive are shown in 
Fig. 46 and 47. Power gain increases and noise figure de- 
creases with increases in the oscillator drive. 

Suppressed-Carrier Modulator and Product Detector— 
The CA3005 and CA3006 were used in a suppressed-carrier 
double-sideband modulator and product detector. The 
double-sideband modulator is a convenient vehicle to evalu- 
ate carrier suppression and product detection. With the two 
circuits coupled together, the relation between modulation 


101 


102 


C1) (0) 
| @) 
|| @ | @) 
[a es 
tp ed a oT Se. ee een 
1002 
C) -—4.5V 


14 
\T 10 T 10 T 3T 
1.5 nH 0.9 »H 


NOTES: 1. Transformer T; is a Ferramic Q-2 Toroid Type (unloaded Q = 200). 
2. Transformers T:, T;, and Ts are slug-tuned with Carbonyl IT-75 material (unloaded Q = 75). 


Fig. 39—Schematic diagram of a three-stage, 12-MHz limiting if amplifier that uses CA3005 circuits in operating mode D. 
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NOTES: 1. Transformers T; and T, are Ferramic Q-2 Toroid Types (unloaded Q =200). 
2. Transformers T: and T; are slug-tuned with Carbonyl IT-71 material (unloaded Q = 70). 


Fig. 40—Schematic diagram of a three-stage, 12-MHz gain-controlled AM amplifier that uses CA3004 circuits in operating 
mode D 
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Fig. 41—Frequency-response characteristics of the 
12-MHz limiting amplifier shown in Fig. 39. 
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Fig. 42—Limiting characteristics of the 12-MHz 
limiting amplifier shown in Fig. 39. 


SOr INPUT SIGNAL I2MHz , 30% MODULATED 


DETECTOR OUTPUT FILTER BANDWIDTH = 5.0 kHz 


: = 
°o 


DETECTED SIGNAL 


GAIN CONTROL 
STARTED 


ow 
°o 


nN 
(2) 


10 


DETECTED OUTPUT— dB 
ABOVE 0.00! VOLT 


DETECTED NOISE OUTPUT 


INPUT SIGNAL — MICROVOLTS 


Fig. 43—Output signal-to-noise ratio as 
a function of the input signal for the 
12-MHz gain-controlled amplifier shown in Fig.40 
when gain control is used in only the first stage. 
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Fig. 44—Frequency-response characteristics of the 12-MHz 
gain-controlled amplifier shown in Fig. 40. 


distortion and drive levels is readily established. 

Feedback may cause oscillation or unbalance; care must, 
therefore, be taken in the external-circuit layout design. 
Shielding must also be provided for both the double-sideband 
modulator and product detector. 

The circuit diagram of the double-sideband modulator is 
shown in Fig. 48. The modulating signal is applied single- 
ended to the differential pair of transistors, Q, and Q., and 
the oscillator signal is applied to the base of transistor Q,. 
The output is taken double-ended from the balanced trans- 
former, T,. The carrier suppression is a function of bilateral 
symmetry (offset, output-transformer balance, and modula- 
tion drive circuits) and the modulation-to-carrier drive ratio. 
With the external-circuit bilateral symmetry carefully pre- 
served, the carrier output is approximately 25 dB below the 
double-sideband output for CA3006 units (offset = 1 milli- 
volt) operated with a drive v, = 10 millivolts rms and v, = 
31.5 millivolts rms. Although the signal-to-carrier ratio of 
25 dB represents an inadequate rejection for most systems 
(40 to 60 GB is usually required), this value relaxes the filter 
requirements from those necessary on more commonly used 
single-sideband modulators. An improvement over the 25-dB 
ratio is obtained if the modulation drive v, is increased and 
the carrier drive v. is decreased, because the output is a func- 
tion of the product of v, and v.. 

The circuit diagram for a product detector is shown in 
Fig. 49. The product detector which provides the advantage 
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Fig. 45—Circuit diagrams for the use of CA3004, CA3005, and CA3006 integrated circuits as balanced mixers to convert an 
input frequency of 20 MHz to an output frequency of 1.75 MHz. 
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Fig. 46—Power gain and noise figure as a function of the oscillator drive voltage for the CA3005 or CA3006 balanced mixer. 
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Fig. 47—Power gain and noise figure as a function of the 
oscillator drive voltage for the CA3004 balanced mixer. 
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Fig. 48—Circuit diagram for the use of the CA3005 or CA3006 
as a double-sideband, suppressed-carrier modulator. 


of a double-ended out-of-phase output, is driven through a 
50-ohm adjustable feed by the double-sideband signal from 
the modulator. The levels of v,, V2, V,, and v,, are altered to 
establish the relationship between the harmonic distortion 
and drive levels as well as gain values for typical operation. 
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The results are shown in Table VII. Overdrive by the mod- 
ulation (v,) or the modulated signal (v,) results in third- 
harmonic distortion of the detected signal. Note that gain is 
a function of either the product of v, and v,, or the product 
of v, and v;. 
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Fig. 49—Circuit diagram for the use of aC A3005 or C A3006 as a product detector. 


TABLE VII 


Gain and Distortion as a Function of Different Drive Levels for a Double-Sideband Modulator and 
Product Detector Using the CA3006 


Terminal 3 Harmonic Distortion 
rT V2 Voltage Vee V3 U4 Up1b2 V5 U6 (dB below fundamental) 
(mv (mv (Volts (volts (mv (mv (mv (mv (mv 

Condition rms) rms) rms) yms) yms) rms) rms) rms) rms) 2nd 3rd = 4th 5th 
5 31.5 0.296 0.046 4.95 1 4 0.5 36 54 
Varied 10 315 0.296 0.080 8.9 1 4 0.5 36 54 
30 Sis 0.296 0.25 26.6 1 4 0.5 36 ef Be 
10 S155 0.296 0.083 8.9 1 4 0.5 36 54 
Varied 10 100 0.96 0.262 28 1 4 0.5 36 51 
10 315 2.96 0.83 89 1 + 0.5 36 50 
10 Shi tees) 0.296 0.083 8.9 0.5 2 0.5 A725 54 
af 10 S15 0.296 0.083 8.9 1 4 0.5 36 52 
Varied 10 31.5 0.296 0.083 8.9 3 12 Hey eee 47.5 

10 31.5 0.296 0.083 8.9 S 20 0.5 188 51 37 59 
y ear 10 $15 0.296 0.083 8.9 1 4 0.315 23 56 54 
Varied 10 S153 0.296 0.083 8.9 1 4 0.5 36 54 
10 31.5 0.296 0.083 8.9 1 4 1.0 86 50 


Notes: 1. Consult Figs. 48 and 49 for explanation of voltage designations. 


2. Blank spaces indicate harmonic distortion is more than 60 dB below the fundamental. 
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The RCA-CA3000 de amplifier is a monolithic silicon 
integrated circuit supplied in a 10-terminal TO-5 package. 
This stabilized and compensated differential amplifier has 
push-pull outputs, high-impedance (0.1-megohm) inputs, 
and gain of approximately 30 dB at frequencies up to one 
MHz. Its useful frequency response can be increased to 
several tens of megahertz by the use of external resistors 
or coils. 

Because full gain-control capability is inherent in the 
CA3000, it can be used as a signal switch (with pedestal), 
a squelchable audio amplifier (with suppressed switching 
transient), a modulator, a mixer, or a product detector. 
When suitable external components are added, it can also 
be used as an oscillator, a one-shot multivibrator, or a 
trigger with controllable hysteresis. Within its specified 
frequency range, it is an excellent limiter, and can handle 
input signals up to about 80 millivolts rms before signifi- 
cant cross-modulation or intermodulation products are 
generated. 


CIRCUIT DESCRIPTION 

The circuit diagram and terminal connections for the 
CA3000 de amplifier are shown in Fig. 1. The circuit is 
basically a single-stage differential amplifier (Q, and Q,) 
with input emitter-followers (Q, and Q:) and a constant- 
current sink (Q,) in the emitter-coupled leg. Push-pull input 
and output capabilities are inherent in the differential con- 
figuration. 


The use of degenerative resistors R, and R; in the emitter- 
coupled pair increases the linearity of the circuit and de- 
creases its gain. The low-frequency output impedance be- 
tween each output (terminals 8 and 10) and ground is 
essentially the value of the collector resistors R,; and R, in 
the differential stage. 


OPERATION OF THE CIRCUIT 

The CA3000 is designed for operation from a wide range 
of supply voltages. Operation from either one or two power 
supplies is feasible, as illustrated by the typical biasing tech- 
niques shown in Fig. 2. However, operation from two sup- 
plies is recommended because fewer external bias networks 
are required and, therefore, less power is consumed. 

The maximum voltage that can be applied across the 
circuit (positive supply voltage Vcc plus negative supply 
voltage Vyr) is 16 volts. The maximum voltage capability 
(Vox.) of the differential pair is limited to 8 volts. Extra care 
must be used to ensure that these values are not exceeded 
when the circuit is used to drive inductive loads. 

The operating-current conditions of the differential pair 
are determined by the base-bias circuit and emitter resist- 
ance of the emitter-coupled constant-current sink (Q,), as 
well as by the voltage between terminals 2 and 3. Each 
possible current condition is manifested by (1) a distinct 
set of de operating characteristics with differing temperature 
characteristics, (2) a particular value of gain having its own 
temperature dependence, and (3) a particular dynamic 
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Fig.1 - Schematic diagram and terminal connections 
for the CA3000 integrated-circuit de amplifier. 
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output-voltage capability. For each value of voltage between 
terminals 2 and 3 (V;;; when terminal 2 is grounded), there 
are four possible operating modes, as described in Table I. 


Table I—Operating Modes for CA3000 DC Amplifier 


Shorted Condition Qs Emitter 
Mode Terminals of Diodes Resistor 
A none in Ro + Rw 
B 5-3 out Ro 4+ Rio 
c 4-3 in Ro 
D 5-4-3 out Ro 


The operating characteristics for these modes of operation 
are summarized in Table II for various two-supply con- 
figurations with terminal 2 grounded anc with V;;, values 
of —3 and —6 volts de. 

Table II shows that the positive supply voltage can be 
adjusted for each mode of operation and for each value of 
negative supply so that the nominal dc output voltage is 
zero. (Although the Ver value required for mode C for a 
Vix; of —6 volts dc is in excess of the maximum rating, 
operation within ratings can be achieved with slightly nega- 
tive values of output voltage.) The use of these adjusted 
values of positive supply provides two advantages: (1) di- 
rect interstage coupling can be effected in a single-ended 
configuration, and (2) negative feedback can be introduced 
from a single output back to the appropriate input. For 
low-level applications in mode D with a negative supply 
voltage Vi, of —3 volts de and a positive supply voltage 
Vee Of 1.1 volts dc, the CA3000 has a gain of 24.4 dB, a 
dissipation of 6.2 milliwatts, an output capability of 2.2 
volts peak-to-peak, and a de output-voltage reference level 
of zero. 

The information in Table II can be modified for single- 
supply designs by simple addition and/or subtraction of 
dc values. For example, the correct information for a single 


Table II—Design Characteristics of CA3000 Operating Modes 


Single-ended DC output volts Positive Negative 
DC Supply Volts Operating midband voltage (Terminal 8 or voltage voltage Total power 
Positive Negative mode gain — dB 10 to ground) swing swing dissipation 
ze —Ver Gyrsg Voac Venas* Kegost — mW 
6 —6 A o1i2 +2.3 +3.7 —3.8 40 
6 —6 B zie +4.3 +1.7 —5.7 36 
—1.5 
6 —6 Ss 34.6 (saturated) +7.5 0 61 
6 —6 D 32.4 +1.0 +5.0 —2.4 47 
32 —6 A 31.2 0 +3.7 —1.4 33 
17 —6 B 273 0 +1.7 —1.4 25 
10.6 
(over rating) —6 C 34.6 0 +10.6 —1.5 83 
5.0 —6 D 32.4 0 +5.0 —1.5 43 
3 —3 A 27.5 +1.2 +1.8 —2.6 8.8 
3 —3 B 16.6 +2.6 +0.4 —4,1 7.4 
—1.5 

3 —3 Cc 32.6 (saturated) +4.5 0 14 
3 —3 D 24.4 +1.9 +1.1 —3.3 8.5 
1.8 —3 A 270 0 +1.8 —1.5 7.2 
0.4 —3 B 16.6 0 +0.4 —1.5 8.4 
3.3 —3 | 32.6 0 +5.3 —1.5 19 
1.1 —3 D 24.4 0 +1.1 —2.6 6.2 


* V.uax and Vo,,,, are the ac swing extremities above and below Vo,.. 


108 


CA3000 


R 
© 3 Vout 
+ViN (8) 
CA3000 
VouT 
(9) 
-VIN 
OR 
GRD. 


* Connection of terminals 4 and 5 depends on mode of operation. 


Fig.2 - Typical biasing arrangements for the CA3000 for operation from (a) two separate voltage supplies, 
or (b) a single voltage supply. 


supply of 12 volts dc for operating mode A can be obtained 
from the conditions shown in the table for mode A for 
Vee = 6 Vde and Vy, = —6 Vdc by the addition of 6 volts 
to the values shown for Vec, War, WOac, WOmax, ANd VOmin- 
(It should be noted that the required voltage levels at the 
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input terminals 1 and 6 and at terminal 2 are also 6 
volts higher. 

As mentioned previously, the four operating modes ex- 
hibit different temperature characteristics. Fig. 3 shows 
theoretical curves of de output voltage as a function of 
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Fig.3 - Theoretical curves of dc output voltage as a function of temperature for negative-supply voltages 


of -3 and -6 volts de (calculated for B = 35 at 20°C). 
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Fig.4 - Measured curves of dc output voltage as a function of temperature for 
negative-supply voltages of -3 and -6 volts dc. 


temperature for each operating mode for negative supply 
voltages Vy, of —3 and —6 volts de. The experimental 
curves shown in Fig. 4 are in excellent agreement with the 
theoretical curves except in the case of mode C. In this 
mode, the differential-pair transistors Q, and Q, were driven 
into saturation as a result of the use of symmetrical supplies 
(Vec = Ver) for the experimental data. The discrepancy 
could be corrected by use of somewhat higher values of 
positive supply voltage. 

Fig. 5 shows theoretical curves of gain as a function of 
temperature for the four operating modes with Vpx values 
of —3 and —6 volts dc. With the diodes in (modes A and 
C), the gain decreases for both values of Ver. With the 
diodes out (modes B and D), on the other hand, the gain 
increases with temperature for a negative supply of —3 
volts dc, but decreases with temperature for a negative 
supply of —6 volts dc. With the diodes out, there is a value 
of negative supply (approximately —4.5 volts de) for which 
the gain is independent of temperature. Fig. 6 shows meas- 
ured values of single-ended and push-pull gain for mode A 
with symmetrical power supplies of +6 volts de. (This con- 
figuration is used in the remaining discussion because it 
provides the maximum sinusoidal output capability, as 
shown in Table II, and because of the convenience of +6- 
volt de supplies.) 

The typical single-ended voltage-gain/ frequency-response 
curve of the CA3000 for dc supplies of +6 volts in operat- 
ing mode A is shown in Fig. 7, together with the test circuit 
used for voltage-gain measurements. The Bode responses 
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Fig.5 - Theoretical curves of gain as a function of 
temperature for negative-supply voltages of -3 and 


-6 volts de (calculated for B = 35 at 20°C). 


of the CA3000 are virtually independent of source im- 
pedance up to 10,000 ohms because of the emitter-follower 
inputs. The curves in Fig. 8 show that gain and bandwidth 
are virtually independent of temperature for operation in 
mode A with +6-volt de supplies. 
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Fig.6 - Measured values of single-ended and push-pull gain for mode A operation 


with symmetrical power supplies of +6 volts dc. 
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Fig.7 - Single-ended voltage gain of CA3000 as a function of frequency in test circuit shown. 
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Fig.8 - Normalized gain-frequency curves for CA3000 
at three different temperatures. 


Fig. 9 shows age characteristics for the CA3000 for an 
input frequency of 1 kHz, together with the age voltage- 
gain test circuit. When the age voltage at terminal 2 is 
varied from 0 to —6 volts, the amplifier gain can be varied 
over a range of 90 dB. 

Fig. 10 shows the test circuit used to measure common- 
mode rejection, together with curves of common-mode re- 
jection as a function of frequency and temperature. Typical 


rejection is 97 dB at a frequency of 1 kHz. Fig. 11 shows 
the test circuit used to measure the de unbalance of the 
amplifier (referred to the input), together with a curve of 
the input offset voltage as a function of temperature. 
Typical input offset voltage (with an assumed push-pull 
differential gain of 37 dB) is 1.5 millivolts. Fig. 12 shows 
curves of input bias current, input impedance, and dynamic 
output voltage as functions of temperature. 
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Fig.9 - AGC characteristics of CA3000 in test circuit 
shown at frequency of 1 kHz. 
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Fig.10 - Common-mode rejection of CA3000 as a function 
of frequency and of temperature in test circuit shown. 


112 


DIFFERENTIAL 
VOLTMETER 


-6V 


VEE 
92CS-13595 


2.5 


INPUT OFFSET MILLIVOLTS 


.e) 
=o SO = 25 0 25 50 75 100 125 150 
TEMPERATURE — °C 


Fig.11 - Input offset voltage of CA3000 as a function of temperature in test circuit shown. 
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Fig.12 - Input bias current, input impedance, and dynamic output voltage of CA3000 
as functions of temperature. 


APPLICATIONS 


Crystal Oscillator—The CA3000 can be used as a crystal 
oscillator at frequencies up to 1 MHz by connection of a 
crystal between terminals 8 and 1 and use of two external 
resistors, as shown in Fig. 13(a). The output is taken 
from the collector that is not connected to the crystal 
(in this case, terminal 10). If a variable-feedback ratio 
network is used, as shown in Fig. 13(b), the feedback may 
be adjusted to provide a sinusoidal oscillation. Output 
waveforms for both circuits are also shown. The frequency 
in each circuit is 455 kHz, as determined by the crystal. 
The range of these crystal oscillators can be extended 
to frequencies of 10 MHz or more by use of collector 
tuning. 


Modulated Oscillator—If a low-frequency signal is con- 
nected to terminal 2, as shown in Fig. 14, the CA3000 can 
function as an oscillator and produce an amplitude-modu- 
lating signal. The waveform in Fig. 14 shows the modulated 
signal output produced by the modulated oscillator circuit 
when a 1-kHz signal is introduced at terminal 2 and a 
high-pass filter is used as the output. 


Low-Frequency Mixer—lIn a configuration similar to that 
used in modulated-oscillator applications, the CA3000 am- 
plifier may be used as a mixer by connection of a carrier 
signal at the base input of either differential-pair transistor 
(terminal 1 or 6) and connection of a modulating signal to 
terminal 2 or 5. 


CA3000 


(b) 


Fig.13 - Schematic diagrams and output waveforms of (a) crystal oscillator and 
(b) crystal oscillator with variable feedback. 
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Fig.14 - Schematic diagram and output waveform of CA3000 modulated oscillator. 


Cascaded RC-Coupled Feedback Amplifier—The two- 
stage feedback cascade amplifier shown in Fig. 15 produces 
a typical open-loop midband gain of 63 dB. This circuit 
uses a 100-picofarad capacitor C, to shunt the differential 
outputs of the first stage. This capacitor staggers the high- 
frequency roll-offs of the amplifier and thus improves 
stability. 

The gain-frequency characteristic of the feedback am- 
plifier is shown in Fig. 16(a) for a feedback resistance Ry 
approaching infinity. The low-end roll-off of the amplifier 
is determined by the interstage coupling. Because age may 


be applied to the first stage, the amplifier of Fig. 15 may be 
used in high-gain video-age applications under open-loop 
conditions. If feedback is used to control the gain, agc may 
still be applied successfully. 

Fig. 16(b) shows the age characteristics for the two-stage 
amplifier under open-loop and two closed-loop conditions 
at a frequency of 1 kHz. As shown in Fig. 16(a), the open- 
loop bandpass is 18 Hz to 135 kHz; under closed-loop 
conditions, the bandpass is 1.3 Hz to 2 MHz for 40-dB 
gain and 0.13 Hz to 6.6 MHz for 20-dB gain. The negative 
feedback thus improves low-frequency performance suffi- 
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the input is adequately shielded from the output by a 
ground plane. 

The CA3000 has an output capacitance of approximately 
9 picofarads at a frequency of 10 MHz. This capacitance 
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Fig.15 - Cascaded RC-coupled feedback amplifier 
using two CA3000 circuits. 
(Rt = 9000 OHMS) 


ciently so that the use of small coupling capacitors C: 
and Cs involves little sacrifice in low-frequency response. 
If three or more CA3000 amplifiers are cascaded, the 
low-frequency roll-offs must be staggered as well as 
those at the high end to prevent oscillation. A three-stage 
cascade has a midband gain of approximately 94 dB. 
Narrow-Band Tuned Amplifier—Because of its high in- 
put and output impedances, the CA3000 is suitable for use 
in parallel tuned-input and tuned-output applications. There 
is comparative freedom in selection of circuit Q because 
the differential amplifier exhibits inherently low feedback 
qualities provided the following conditions are met: (1) the 
collector of the driven transistor is returned to ac ground 
and the output is taken from the non-driven side, and (2) 
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Fig.16 - (a) Gain-frequency and (b) age characteristics of feedback amplifier shown in Fig.15. 


will resonate a 28 microhenry coil at this frequency and 
give a minimum Q of 4.55 when the collector load resistor 
is the only significant load. With this low Q, stagger 
tuning may be unnecessary for many broad-band applica- 
tions. 

Fig. 17 shows the CA3000 in a narrow-band, tuned- 
input, tuned-output configuration for operation at 10 MHz 
with an input Q of 26 and an output Q of 25; the response 
curve of the amplifier is also shown. The 10-MHz voltage 
gain is 29.6 dB, and the total effective circuit Q is 37. 
There is very little feedback skew in the response curve. 
The CA3000 can be used in tuned-amplifier applications 


at frequencies up to the 30-MHz range. 
+6 Vde 
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Fig.17 - Schematic diagram and response curve 
for 10-MHz tuned-input, tuned-output, 
narrow-band amplifier using CA3000. 


Schmitt Trigger—The CA3000 can be operated as an 
accurate, predictable Schmitt trigger provided saturation of 
either side of the differential amplifier is prevented (hys- 
teresis is less predictable if saturation occurs). Non-saturat- 
ing operation is accomplished by operation in mode B 
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Fig.18 - Schematic diagram for Schmitt trigger 
using CA3000. 


(terminals 3 and 5 shorted together) in the configuration 
shown in Fig. 18. Large values are required for external 
resistors R, and R, because they receive the total collector 
current from terminal 10. Because of the high impedances, 
resistor R, is actually a parallel combination of the input 
impedance (approximately 0.1 megohm) of the CA3000 and 
the 0.25-megohm external resistor. The Schmitt-trigger de- 
sign equations (for a = 1) are summarized below. In these 
equations, Q, and Q, are the differential-pair transistors, Q, 
and Q. are the emitter-follower transistors, and Q, is the 
constant-current sink. 


STATE |: Q. off, Q, conducting (not saturated) 
V, = Vec (R.) ely Ver (R, 5 8000) 
: R, + R. + 8000 
where 8000 ohms is the output impedance of 
Q, (obtained from the published data). For R, = 
27000 ohms and Vec = Ver = 6 Vdc, 


6V (R.) — 6V (35000) 


YGF Sewn RcEGsO0O RET ) 
R, = (R, + 8000) V2 + Vo 
co — Voy 

6V + Vey (B) 


2 = (35000 
( ) AP 


or 


Vs, = Veco — Iz (8000) 
where I, = collector current of transistor Q; 
-~0.48 milliampere in operating mode B with 
Ver = —6 volts de. 
V., = 2.14 V (C) 
Vr, = Firing voltage for transition from state I to state II 
Vr, = Vo, — 0.053 — 100 I, at 25°C 


Vr, = Ve; — 0.101 V at 25°C (D) 
STATE II:Q, conducting (not saturated), Q, off 

Very = Vee 

Vip OV (A) 


V,.. = (Veo = Iz 8000) Re — Vee (R, + 8000) 
a R, + R. + 8000 


16 on 


_ 2.14 V (R.) — 6 V (35000) Henyd:86.V (Rs) é 
er _ “Fg Ri3 SOOO Ma ee (B) = R, + 35000 0.202 V at 25°C 
Vr,, = Firing voltage for transition from state II back to 
state I From the calculations for state I, it is evident that either 
Vr, = Ve, + 0.053 + 100 I, at 25°C V., or R. must be a known design value. Because R, is a 
Vy,, = Vex; + 0.101 V at 25°C (C) composite value, V,, is the more reasonable choice. The 
ability of these equations to predict the Schmitt-trigger per- 
HYSTERESIS VOLTAGE formance is evidenced by the comparison of calculated and 
Vars = Vr, — Very, experimental data in Table III. 


Table III — Comparison of Calculated and Experimental Data for Schmitt Trigger 


Condition Parameter Calculated Experimental 
1) Ve, = —2V Vr, —2.1V —2.2V 
Ven —3.19V —3.2V 
Vuys +1.09V +1.0V 
2) VeVi Ve, —1.10V —1.0V 
Vey —2.51V ao, 
Vuys +1.41V +1.4V 
3) Ver 0 Vr, —0.101V 0 
Vru —1.83V —1.8V 
Vuys +1.73V +1.8V 
4) Ve, = +1V Vr; +0.9V +1.0V 
VrFy —1.15V —1.0V 
Vuys +2.1V +2.0V 
oN) WqpeSe AY Vr; +1.9V +2.0V 
Vruy —0.472V —0.5V 


Vays +2.43V +2.4V 
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The RCA-CA3002 integrated-circuit if amplifier is a 
balanced differential amplifier that can be used with either 
a single-ended or a push-pull input and can provide either 
a direct-coupled or a capacitance-coupled single-ended out- 
put. Its applications include RC-coupled if amplifiers that 
use the internal silicon output-coupling capacitor, video 
amplifiers that use an external coupling capacitor, envelope 
detectors, product detectors, and various trigger circuits. 

The CA3002 features all-monolithic silicon epitaxial con- 
struction designed for operation at ambient temperatures 
from —55 to 125°C, and contains a built-in temperature- 
compensating network for stabilization of gain and dec 
operating point over this operating-temperature range. It 
is supplied in a 10-terminal TO-5 low-silhouette package. 

Because the CA3002 is a balanced differential amplifier 
fed from a constant-current source, it makes an excellent 
controlled-gain amplifier. The gain-control function may 
be extended to include video gating, squelching, and blank- 
ing applications. Envelope detection can be achieved by 
suitable biasing of the emitter-base diode of the output 
emitter-follower transistor. Product detection can be ob- 
tained by re-insertion of the carrier at the base of the 
constant-current-source transistor. Various trigger and wave- 
form-generating circuits can also be achieved by the addi- 
tion of suitable external components. 


CIRCUIT DESCRIPTION AND 
OPERATING MODES 


Fig. 1 shows the circuit diagram and terminal connec- 
tions for the CA3002 integrated circuit. The circuit is 
basically a single-stage differential amplifier (Q, and Q,) 
with input emitter-followers (Q, and Q,), a constant-current 
sink (Q,) in the emitter-coupled leg, and an output emitter- 
follower (Q,). A single-ended input is connected to terminal 
10 or a push-pull input to terminals 10 and 5. A single-ended 
output is direct-coupled at terminal 8 or capacitance-coupled 
at terminal 6. Terminals 5 and 10 must be provided with de 
returns to ground through equal external base resistors. The 
emitters of the differential pair (Q, and Q,) are connected 
through degenerative resistors (R, and R,) to the transistor 
current source (Q,). The use of these resistors improves the 
linearity of the transfer characteristic and increases the 
signal-handling capability. 

Transistor Q, provides a high input impedance for the if 
amplifier. Transistor Q, preserves the circuit symmetry, and 
also partially bypasses the base of Q,. Additional bypassing 
can be obtained by connection of an external capacitor 
between terminal 5 and ground. The emitter-follower tran- 
sistor Q, provides a direct-coupled output impedance of less 
than 100 ohms. 
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Fig. 1—Schematic diagram and terminal connections for the 
CA3002 integrated-circuit if amplifier. 


When voltage supplies are connected to the CA3002, the 
most positive voltage must be connected to terminal 9 
and the most negative voltage to terminal 2 (internally con- 
nected to the substrate and case). The CA3002 may be 
operated from various supplies and at various levels. Opera- 
tion from either single or dual power supplies is feasible. 
When two supplies are used, they may be either symmetrical 
or non-symmetrical. When both positive and negative volt- 
age supplies are used, external components can be mini- 
mized, as shown in Fig. 2(a). For single-supply applications, 
a resistor divider and a bypass capacitor must be added 
externally, as shown in Fig. 2(b). The current through R, 
and R, should be greater than one milliampere. Except in 
applications that use inductive drive, equal external base 
resistors must be added at terminals 5 and 10 to provide 
base-current returns. Terminal 7 can be connected to ground, 
or to the negative supply if a larger negative-going voltage 
swing is desired at any operating point. 

For either single or dual supplies, the operating current 
in transistor Q, is determined by the bias voltage between 
terminals 1 and 2. The more negative point of this bias volt- 
age must be connected to terminal 2. For dual-supply sys- 
tems, terminal 1 is usually referenced to ground. 

For any given bias voltage (Vez when terminal 1 is 
grounded), four operating modes are possible, as described 
in Table I. In general, each mode is characterized by (1) 
a distinct de operating point with a characteristic tempera- 
ture dependence, and (2) a particular value of gain that 
has a distinct temperature dependence. 

When the diodes are utilized in the bias circuit (modes A 
and C), the current is essentially dependent on the tempera- 
ture coefficient of the diffused emitter resistors R, and R,,, 
and has a tendency to decrease with increasing temperature 
at a rate independent of the negative supply voltage. The 


Table I—Identification of CA3002 Operating Modes 


Operating Shorted Condition Q; Emitter 
Mode Terminals of Diodes Resistor 
A none in Ro + Ru 
B 4-2 out Ro + Ru 
G 3-2 in Ry 
D 4-3-2 out Ro 


temperature coefficient of the diffused collector resistor R, 
is the same as that of the emitter resistor, and a constant 
collector-voltage operating point results at the collector of 
transistor Q,. However, the operating point at output termi- 
nal 8 is modified by the base-emitter voltage drop of tran- 
sistor Q,, and its temperature dependence. Typical variation 
of the output operating point with temperature is shown 
in Fig. 3 for the four operating modes for Ver supplies of 
—3 and —6 volts. The voltage between terminals 8 and 
9 is denoted by Vx. In mode B (with the diodes out of the 
bias circuit), it should be noted that the output operating 
point is constant with temperature because the change in 
the collector operating point is cancelled by the change in 
the base-emitter voltage drop (Vsr). 

When the diodes are out of the bias circuit, the current- 
temperature curves become dependent on the negative sup- 
ply voltage. Therefore, the value of Vrex can be adjusted 
so that the transconductance decreases, increases, or re- 
mains constant with temperature. As shown in Fig. 4, the 
gain increases with temperature for a —3-volt Vrr supply, 
but decreases with increasing temperature for a —6-volt 
Vin supply. At some intermediate value of Vere (approxi- 
mately —4.5 volts), the gain should be constant as a func- 
tion of temperature. In any case, however, a constant ac 
gain with temperature is accompanied by a change in the 
collector operating point of transistor Q,. 


Veg (-) 


Fig. 2—Circuit configurations for the CA3002 with 
(a) dual voltage supplies, and (b) a single supply. 
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Fig. 3—Output operating-point variation of the CA3002 (normalized to the 25°C operating point) as a function of temperature 


with Ver supply voltages of —3 and —6 volts. 
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Fig. 4—Voltage-gain variation of the CA3002 (normalized to the 25°C voltage gain) as a function of temperature with Ver supply 


voltages of —3 and —6 volts. 


Table II lists typical design performance characteristics 
for the four operating modes of the CA3002. By use of the 
data in this table and in Figs. 3 and 4, it is possible to select 
the proper operating mode to provide the most transcon- 
ductance per milliwatt of dissipation, the specified output- 
swing capability, and the desired temperature performance 
for a particular design requirement. 


In operating mode C, a valid non-saturated operating 
point may be obtained by use of non-symmetrical voltage 
supplies. For example, when Vse is —3 volts, the operating 
point will not be in saturation if a positive supply voltage 
of 4.5 volts or more is used (as indicated by Fig. 3). Re- 
sistor R, may then be returned to the negative supply in- 
stead of to ground to ensure the desired negative swings. 


Table II—Typical Design Performance Characteristics for the Four Operating Modes of the CA3002 (Terminals 7 and 1 are 


grounded; temperature = 25°C) 


Output Operating Voltage + Supply — Supply Power 
+ Supply Point (Volts) at Gain (dB) Current Current Dissipation 

Mode Volts Terminal 8 toGround at 1 MHz (mA) (mA) (mW) 

A 6 2.6 26.4 5.0 4.2 be 

B 6 3.8 16 4.7 330, 50.4 

C 6 0 (transistor Q, saturated, transistor Q; cutoff) 

D 6 1.8 25.4 Su 4.9 60 

A 4.5 2.0 24.0 3.6 3.0 29.7 

B 4.5 3.0 19.8 3.4 2.6 27.0 

Cc 4.5 0 (Q, saturated, Q, cutoff) 

D 4.5 1.8 24.5 347, a3 315 

A 3 1.1 22 pg 2.0 12.9 

B 3 2.0 14.5 2.1 1.5 10.8 

G 3 0 (Q, saturated, Q, cutoff) 

D 3 1.5 20 2:2 1.9 12.3 
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CHARACTERISTICS 


Input Unbalance Current. The input unbalance current of 
the CA3002 is defined as the difference between the cur- 
rents flowing into the base input terminals 10 and 5. Fig. 
5 shows a curve of input unbalance current as a function 
of temperature. This unbalance current determines the 
maximum value of total effective external resistance that 
may be used in each base circuit (resistors R, in Fig. 2). A 
maximum value of 10,000 ohms is recommended for each 
base circuit. However, larger resistances may be accom- 
modated if the resistors can be adjusted to maintain low 
input offset voltages, or if the operating points of Q, and 
Q. are not in the linear region (as in trigger circuits). 


INPUT UNBALANCE — “A 


75 -50 -25 (e) 25 50 75 100 125 150 
TEMPERATURE °C 


Fig. 5—Input unbalance current of the CA3002 as a function of 
temperature. 


Input Impedance. The input impedance is essentially a 
characteristic of the input emitter-followers, Q, and Q.. 
Because these transistors are lightly loaded, they have paral- 
lel input impedances that are approximately 0.1 megohm at 
low frequencies and rise to infinity and become negative at 
a few megahertz. In most cases, these impedances are 
negligible in comparison with the impedances of external 
base resistors or inductors. The input capacitance is 3 to 
5 picofarads. 


The input impedance decreases with decreasing operating 
temperature. A typical low-frequency value of parallel input 
resistance is 55,000 ohms at —55°C. If a resonant line or 
tuned circuit that has appreciable impedance in the vhf 
range is connected to either input terminal, a series para- 
sitic resistor of 50 to 100 ohms should be placed in series 
with the input lead to prevent vhf oscillation. 

Output Impedance. The output impedance is essentially 
that of the output emitter-follower Q,,, and is a function of 
the current in Q,. The current, in turn, is determined by the 
operating mode, the supply voltages, and the connection of 
resistor R,, to ground or to terminal 2. In operating mode D 
with R,, returned to ground and +6-volt supplies, the output 
resistance is approximately 80 ohms over most of the useful 
frequency range and rises to about 110 ohms (its highest 
value) at —55°C. 

Frequency Response. The mid-frequency voltage gain of 
the CA3002 if amplifier is essentially independent of abso- 
lute resistor values, but depends on the resistor ratios. Fig. 6 
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Fig. 6—Voltage-gain test circuit. 


shows a test circuit used to measure the response character- 
istics of an iterative-coupled amplifier that uses an input- 
coupling capacitor of 15 picofarads. 

The response curves for several values of positive and 
negative supply voltage are shown in Fig. 7. The gain of the 
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Fig. 7—Effective single-stage response characteristics of 
iterative-coupled if amplifier. Curve D represents 
operation with 0.01- microfarad capacitor 
connected at terminal 5 (not shown). 


amplifier is reduced at low frequencies by the 15-picofarad 
input-coupling capacitor and at high frequencies by the RC 
roll-off within the circuit. The addition of a 0.01-microfarad 
bypass capacitor at terminal 5 improves both the high- 
frequency response and the mid-frequency gain by eliminat- 
ing ac feedback from terminal 6 to terminal 5. 

If a wideband video response is desired, the 15-picofarad 
internal silicon output-coupling capacitor of the CA3002 
must be replaced with a larger external coupling capacitor 
connected to terminal 8. The response curves for an itera- 
tive-coupled amplifier that uses 0.01-microfarad input- 
coupling and output-coupling capacitors are shown in Fig. 8. 
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Fig. 8—Effective single-stage response characteristics for if 
amplifier using 0.01-microfarad coupling capacitors. Curve 
D represents operation with 0.01-microfarad capacitor 
connected at terminal 5 (not shown). 


The response of the amplifier is substantially extended at the 
low frequencies. If 1-microfarad coupling capacitors are 
used, the low-frequncy response can be extended below 
100 Hz. Again, the addition of a 0.01-microfarad capacitor 
at terminal 5 improves the high-frequency performance. 
A shield separating the external leads at terminals 5 and 6 
also reduces the feedback and extends the response. 


AGC. The voltage gain of the CA3002 can be controlled 
over a wide range by adjustment of a negative dc voltage 
applied at terminal 1. Fig. 9 shows the voltage gain at 1.75 
MHz (measured in the test circuit of Fig. 6) as a function 
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Fig. 9—Voltage gain of the CA3002 as a function of negative dc 
supply voltage applied at terminal 1 (normalized to a gain 
of 26 dB). 


of the dc voltage. When the gain is controlled in this 
manner, the CA3002 can be used as an if amplifier with 
a 75-dB age range, or as a video gating, squelching, or 
blanking circuit with a similar range. The circuit function 
depends only on the manner in which the de voltage applied 
to terminal | is controlled. The age range is dependent on 
frequency, and decreases from 75 dB at 1 MHz to 60 dB 
at 25 MHz. 


Third-Order Intermodulation Distortion. Fig. 10 shows 
the peak-to-peak input signal required to produce third-order 
intermodulation distortion of 3 per cent as a function of gain 
control for the CA3002 integrated circuit. The maximum 
tolerable signal input for 3-per-cent intermodulation dis- 
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Fig. 10—Third-order intermodulation-distortion characteristic as 
a function of agc. 
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tortion is relatively constant over the entire age range, but 
increases dramatically as cutoff is attained. When the 
CA3002 is operated in mode A with supplies of +6 volts 
and an age of —30 dB, a peak-to-peak input signal in ex- 
cess Of 100 millivolts is typically required for 3-per-cent 
distortion. 

Noise Figure. Because noise figure is an important design 
parameter for both video and if-amplifier applications, it 
was evaluated for the CA3002 over the frequency range of 
1 kHz to 10 MHz. Fig. 11 shows noise performance as a 
function of frequency when a 1000-ohm source is used. 
The noise figure is 4 dB over a large portion of the usable 
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Fig. 11—Noise figure of the CA3002 as a function of frequency. 


range. The 1/f noise corner occurs at approximately 
15 kHz, and the high-frequency noise rise begins at ap- 
proximately 4 MHz. Fig. 12 shows noise figure as a func- 
tion of source resistance at 1.75 MHz. The tvpical noise 
figure is less than 4 dB. It is reasonably flat for source 
resistances from 500 to 2500 ohms, but rises rapidly at 
values below 500 ohms. 

When external base-bias resistors are used, terminal 5 
should be bypassed by an external capacitor for any stage 
in which low noise figure is required. If the base-bias re- 
sistors are not bypassed, the noise figure increases. In a 


390 39 
OHMS OHMS 


practical receiver, bypassing may be avoided if the input 
at terminal 10 is transformer driven (from a filter) and ter- 
minal 5 is grounded. In the later if stages, noise figure can 
usually be ignored. : 


Voc =6 V, Veg = -6V 
FREQUENCY =1.75 MHz 
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Fig. 12—Noise figure of the CA3002 as a function of source 
resistance. 


APPLICATIONS 


Four-Stage 1.75 MHz IF Amplifier. Effective if design 
for AM circuits requires consideration of both the signal 
level at the input stage (as a function of age range) and 
the acceptable signal-to-noise ratio at the output. The 
age action must be initiated at the first stage at the proper 
voltage level to prevent excessive modulation distortion 
throughout the entire age range. This input-signal volt- 
age level is calculated to be approximately 25 millivolts rms 
for 100-per-cent modulation at an allowable distortion of 
10 per cent. Before the applied signal reaches 25 millivolts, 
the first stage must be gain controlled and completely cut 
off before gain control is applied to subsequent stages. 

Fig. 13 shows a four-stage 1.75-MHz amplifier used to 
evaluate the performance of the CA3002 amplifier for AM 
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Fig.13—Four-stage 1.75-MHz if amplifier. 


applications. A tuned circuit and a diode detector are 
connected to terminal 6 of the output stage to evaluate 
detected output and signal-to-noise ratio. The audio band- 
width of the detector output filter is 3 dB down at 4.2 kHz. 
The tuned circuit at the input is driven by a 50-ohm gener- 
ator and provides a 1000-ohm source to the circuit. The 
first stage is operated at reduced supply voltages (about 
+3 volts) to reduce the required agc control voltage. This 
lower supply-voltage level ensures that a sufficient control 
voltage can be developed by a separate CA3002 unit used 
as an age amplifier without introducing a separate supply 
voltage. An additional advantage of lower-voltage operation 
in the first stage is a reduction in noise figure. 


If desired, the first-stage tuned circuit in Fig. 13 can be 
replaced by a crystal filter and a transformer. Because the 
CA3002 input impedance is high and does not vary appre- 
ciably with agc, no impedance variations are presented to 
the crystal filter. 

The voltage gain realized from terminal 10 of the first 
stage to terminal 6 of the fourth stage is 85 dB, or approxi- 
mately 21 dB per stage. From the 50-ohm input, the typical 
voltage gain is 98 dB. Because the maximum signal-handling 
capability of the output stage is slightly greater than 0.7 
volt rms, gain control should begin when this value is meas- 
ured at terminal 6. The modulation distortion is acceptable 
over the entire 60-dB agc range. For input signals greater 
than 8 millivolts, modulation distortion begins to increase 
because of fourth-stage overload. Overloading can be pre- 
vented by application of a delayed gain control to the second 
stage. The signal-to-noise performance as a function of in- 
put signal is shown in Fig. 14. 
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Fig. 14—Output signal and noise of the amplifier shown in Fig. 13. 


Envelope Detector. The CA3002 integrated circuit can 
be operated as an envelope detector in either of two ways, 
as shown in Fig. 15: (1) the emitter of the output transistor 
Q,, can be operated at zero voltage by connection of an ex- 
ternal resistor in the bias loop of the constant-current tran- 
sistor Q., or (2) the current in transistor Q, can be reduced 
by connection of a large resistor (12,000 to 18,000 ohms) 
in series with its emitter resistor. 

In the circuit for method 1, the current in the differential 
pair (Q, and Q, in Fig. 1) is increased to the point at which 


the common-collector output transistor Q, is biased almost 
to cutoff. For this current increase, the constant-current 
transistor Q. is operated with terminal 4 open, and the 
emitter resistor R, is shunt loaded by the external resistor 
at terminal 3. Envelope detection can be accomplished only 
in mode A with method 1. 

Although the output transistor is nearly cut off, all the 
other active devices are operating in their linear regions. 
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Fig. 15—-Envelope detectors using CA3002 integrated circuits. 


For small ac signals, therefore, the circuit provides linear 
operation except for Q,, which is turned on only by a posi- 
tive signal. The maximum acceptable input signal depends 
on the linear range of the differential amplifier. An external 
filter capacitor is connected between terminal 8 and ground 
to remove the rf signal from the detected audio output. 


In the circuit diagram for method 2 shown in Fig. 15, a 
fixed value of resistance (15,000 ohms) is used to reduce the 
emitter current in the output transistor (Q,) to approximately 
100 microamperes. This operating point provides the non- 
linearity for detection in transistor Q,. Again, the remainder 
of the circuit produces gain because it is operating linearly. 
As in the case of method 1, an external filter capacitor is 
connected between terminal 8 and ground to remove the rf 
signal from the detected audio output. 
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Fig. 16 shows the input-output characteristics of the 
envelope-detector circuits shown in Fig. 15. The usable 
range of input signals for distortion below 3 per cent is 10 
to 100 millivolts (20-dB range) for method 1 and 12 to 60 
millivolts (14-dB range) for method 2. Automatic gain con- 
trol of the if amplifier must maintain the input signals to the 
detector within this range. 
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Fig. 16—Input-output characteristics of the envelope detectors 
shown in Fig. 15. 


Product Detector. A differential pair driven by a constant- 
current transistor can be used as a product detector if a 
suppressed-carrier signal is applied to the differential pair 
and the regenerated carrier is applied to the constant-current 
transistor. There are two requirements for linearity: (1) the 
circuit must be operated in a linear region, and (2) the cur- 
rent from the constant-current transistor must be linear 
with respect to the reinserted carrier voltage. 

The CA3002 satisfies these requirements and can be used 
as a product detector in the circuit shown in Fig. 17. A 
double-sideband suppressed-carrier signal is applied at ter- 
minal 10, and the 1.7-MHz carrier is applied to terminal 1. 
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Fig. 17—Product detector circuit. 


Because of the single-ended output, a high-frequency 
bypass capacitor (0.01 microfarad) is connected between 
terminal 8 and ground to provide filtering for the high- 
frequency components of the oscillator signal at the output. 

When the amplitude of the suppressed-carrier signal and 
of the oscillator signal are varied, the gain and distortion 
characteristics shown in Table III are obtained. The con- 
version voltage gain is constant at input signals up to 16 
millivolts and would be 6 GB less for a single-sideband signal 
than for the double-sideband signal. The distortion in- 
creases with increasing input signal; for distortion of less 
than 1 per cent, the input drive level does not exceed 8 
millivolts. The gain maximizes for oscillator voltages of 
1 to 2 volts, and the distortion characteristic is also best 
in this region. Distortion increases both at low oscillator 
drive levels (0.25 volt) and at high levels (3 volts). 

Schmitt Trigger. Fig. 18 shows the use of the CA3002 as 
a Schmitt trigger. In this application, the input is applied to 
terminal 5 and both the output and the feedback are taken 
from the output emitter-follower at terminal 8. The emitter- 
follower output isolates the feedback loop from the differ- 


Table I1]—Performance Data for CA3002 as Product Detector 


Vv: 
Vv; Oscillator Vs 


Double- Voltage Output at Conversion 
Sideband at Terminal 8 Voltage 
Voltage Terminal 1 at I kc/s Gain 
(mV) (V) (mV) (dB) 
1 1.7 IDS Piles 
4 ed 50 21.9 
8 Le? 100 21.9 
16 187 200 21.9 
32 WEI 310 19.8 
4 0.25 22 15.6 
4 0.5 42 20.3 
4 1.0 60 23.5 
4 ibe 60 23.5 
4 le 50 21.9 
4 2.0 48 21.6 
4 2.5 31 17.8 
4 3.0 15 11.4 


dB down from Fundamental of Harmonics * 


Harmonic 
2nd 3rd 4th Sth 
60 
51 61 
46 56 
37 46 
32 30 51 64 
iN 42 44 
32 $2 
45 60 
49 61 
Sit | 61 
ay 62 
49 60 
42 60 


*Harmonic Distortion Greater than 65 dB Down If Omitted 
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ential pair and makes it possible for the circuit to drive feedback loop is varied. Fig. 18 also shows the output swing 
low-impedance loads. An additional advantage is that neither and associated hysteresis of the Schmitt trigger as a function 
half of the differential pair saturates as the resistance of the of resistor R and the dc input voltage level at terminal 5. 
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Fig. 18—Schmitt trigger circuit and output swing 
and associated hysteresis. 
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The RCA-CA3007 audio driver is a balanced dif- 
ferential configuration with either a single-ended or a 
differential input and two push-pull emitter-follower 
outputs. The circuit features all-monolithic silicon 
epitaxial construction, and is intended for use as a 
direct-coupled driver in a class B audio amplifier which 
exhibits both gain and operating-point stability over the 
temperature range from -55 to 125°C. Because of its 
circuit configuration (a balanced differential pair fed by 
a constant-current transistor), the CA3007 is an excel- 
lent controlled-gain audio driver for systems requiring 
audio squelching. This circuit is also usable as a servo 
driver. The audio driver circuit is available in a 12- 
terminal TO-5 low-silhouette package. 


CIRCUIT DESCRIPTION 


Fig.l shows the schematic diagram and terminal 
connections for the CA3007 circuit. The input stage 
consists of a differential pair (Q) and Q2) operating as 
a phase splitter with gain. The two output signals from 
the phase splitter, which are 180 degrees out of phase, 


are direct-coupled through two emitter-followers (Q,4 and 
Qs). The emitters of the differential pair are connected 
to the transistor constant-current sink Q3. 


The diodes in the bias circuit of the transistor con- 
stant-current sink make the emitter current of Q3 essen- 
tially dependent on the temperature coefficient of the 
diffused emitter resistor R35. Because the diffused 
collector resistors R15 and Rg should have identical 
temperature coefficients, constant collector-voltage 
operating points should result at the collectors of 
transistors Q,; and Qo. However, the quiescent operating 
voltages at the output terminals 8 and 10 increase as 
temperature increases because the base-emitter voltage 
drops of transistors Q4 and Qs decrease as temperature 
increases. This small variation in the output quiescent 
operating voltage is sufficient to cause a large variation 
in the standby current of a class B push-pull output 
stage when the audio driver and the output stage are 
direct-coupled. Resistors R11, Rig, R13, and Rj7 and 
transistor Qg form a de feedback loop which stabilizes 
the quiescent operating voltage at output terminals 8 
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TO-5 PACKAGE 
(BOTTOM VIEW) 


Fig.1] - Schematic diagram and terminal connections for the CA3007 audio driver. 


and 10 for both temperature and power-supply variations 
so that variations in the output operating points are 
negligible. 


Resistors Rj, R7, Rg, and Ry4 form the input cir- 
cuit; a double-ended input is applied to terminals 1 
and 5, and a single-ended input is applied to either 
terminal 1 or terminal 5, with the other terminal returned 
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to ground. The CA3007 must be ac-coupled to the input 
source. In addition, any dc resistance between terminal 
1 and ground should be added between terminal 5 and 
ground. Output power-gain stabilization for a direct- 
coupled driver and output stage is accomplished by 
means of an ac feedback loop that connects terminals 7 
and 11 to the proper emitters of the push-pull output 
stage, as shown in Fig.2. 
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Fig.2 - CA3007 used as an audio driver for a direct-coupled 300-milliwatt audio amplifier. 


BOO 


Connection of voltage supplies to the CA3007 audio 
driver requires that the most positive voltage be con- 
nected to terminal 9 and the most negative voltage to 
terminal 3 (internally connected to the substrate and 
the case). The CA3007 may be operated from various 
supplies and at various levels. Operation from either a 
single supply (as shown in Fig.3) or from dual power 
supplies (as shown in Fig.2) is feasible. For dual- 
supply operation, symmetrical supplies must be used if 
the audio driver is to be direct-coupled to the audio out- 
put stage. For single-supply operation, the audio driver 
must be ac-coupled to the audio output stage, and the 
number of external components required increases. 


Vec (9 V) 
O 


The external resistor R connected between terminals - 
3 and 4 is used to set the class B output-stage standby 
current as required for a particular application. If the 
standby current is too low, crossover distortion will 
result; if it is too high, standby power drain will be 
excessive. Decreasing the value of resistor R reduces 
the standby current; for a standby current of 10 milli- 
amperes, R is typically 10,000 ohms. 


Terminal 2 must be grounded or, if an audio squelch 
is desired, must be connected to a positive voltage 
supply of 5 volts minimum. When terminal 2 is near 
ground, the audio amplifier functions normally. When 
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Fig.3 - CA3007 used as an audio driver for a 30-milliwatt audio amplifier. 


For operation from either single or dual supplies, 
the operating current is transistor Qs is determined by 
the bias voltage between terminals 2 and 3. The more 
negative terminal of this bias voltage must be connected 
to terminal 3. For dual-supply systems, terminal 2 is 
either grounded or connected to a trigger circuit for 
audio-squelching purposes. 


APPLICATIONS 


Dual-Supply Audio Driver in a Direct-Coupled Audio 
Amplifier. Fig.2 shows the CA3007 used as a dual- 
supply audio driver in a direct-coupled audio amplifier. 
This amplifier provides a power output of 300 milliwatts 
for an audio input of 0.3 volt rms (Vo. =6 volts, Ver = 
4 volts, V = 30 volts). For a voltage V of 6 volts, the 
output power is 10 milliwatts without transformer op- 
timization; the use of a lower-impedance transformer 
would permit power outputs inthe order of 100 milliwatts. 


terminal 2 is at 5 volts, the differential pair of the audio 
driver saturates, and the push-pull output stage is cut 
off. The squelch source must be capable of supplying 
a current of 1.5 milliamperes in the 5-volt condition, and 
0.75 milliampere in the near-ground condition. 


For a symmetrical audio driver, there is no ac 
signal present at the base of transistor Qg. However, 
unbalances between the two halves of the circuit may 
require that the base of Qg be bypassed for proper opera- 
tion. The base of Qg may be bypassed by connection of 
an external capacitor (typically 50 microfarads, 6 volts) 
from terminal 12 to ground. Bypassing is usually not 
required unless high undistorted power outputs are re- 
quired over the complete temperature range of -55 to 
125 9G, 


Table I shows values of harmonic distortion and 
intermodulation distortion for the amplifier of Fig.2. 
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Table | - Distortion Measurements for Direct-Coupled Amplifier Shown in Fig.2 


HARMONIC DISTORTION 


Output-Signal Level (mVrms) 


Harmonic 


Power with 2-kHz Input Signal ; j 
Output a Distortion 
(mW) 2 kHz 4 kHz 6 kHz 8 kHz 10 kHz 12 kHz eee Tha 
62.5 1000 9 3.0 — — — 0:95 
140 1500 18 4.0 2.0 1.4 1.0 1.24 
250 2000 ois) 4.2 5.0 1.0 15 1.30 
330 2300 Oi 6.0 9.0 3.0 2.0 127 
INTERMODULATION DISTORTION 
Output-Signal Level: 
Bt Tey TES SUPA: yaar ne a Ee 1000 mV rms 
ai) Ths GS a8 ea ee ee 1000 mV rms 
BY, irl G4 8 A) een a ee ee es 0.7 mV rms 
Be AER eg oi 4s nxanisndnnsdesondntstecken tacmemvoryvens 0.07 % 


Single-Supply Audio Driver in a Capacitor-Coupled 
Audio Amplifier. Fig.3 shows the CA3007 used as a 
single-supply audio driver in a capacitor-coupled audio 
amplifier. This amplifier provides a power output of 
30 milliwatts for an audio input of 6.5 millivolts rms 
(Vcc =9 volts) with the transformer shown. 


The connection shown in Fig.3 still represents a 
differential-pair phase splitter fed from a constant-cur- 
rent transistor. The two output signals from the phase 
splitter are direct-coupled through two emitter-followers 
which are capacitor-coupled to the push-pull output 
stage. Because of the ac coupling, there is no longer 


a dc dependence between the driver and the output 
stage, and any desired audio output design or drive 
source may be used. As a single stage, the CA3007 
audio driver provides a voltage gain of 24 dB for a de 
power dissipation of 20 milliwatts with the harmonic 
distortion reaching 3 per cent for outputs of 0.6 volt 
rms at terminals 8 and 10 (without feedback). 


Both de and ac feedback loops are eliminated in 
the circuit of Fig.3. Although the dc feedback loop is 
no longer required bacause of the ac coupling, removal 
of the ac feedback loop causes the output power gain 
to decrease about 1 dB for a 50°C rise in temperature. 
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The CA3001 silicon monolithic integrated circuit is de- 
signed for use in intermediate-frequency or video amplifiers 
at frequencies up to 20MHz and in Schmitt-trigger appli- 
cations. This integrated circuit can be gated, and gain 
control can be applied. The CA3001 incorporates the 
following primary features: (a) all-monolithic silicon epi- 
taxial construction designed for operation at ambient 
temperatures from —55 to 125°C; (b) balanced differential- 
amplifier configuration with low-impedance double-ended 
input; (c) built-in temperature-compensating network for 
gain or de operating-point stability over the temperature 
range from —55 to 125°C. This integrated-circuit amplifier 
is available in a 12-pin TO-5 low-silhouette package. 


CIRCUIT DESCRIPTION 


Fig. 1 shows the schematic diagram and terminal connec- 
tions for the CA3001 amplifier. The circuit consists of a 
differential pair Q, and Q,, the current of which is controlled 
by a constant-current transistor Q,. Transistors Q,, Q,, Q,, 
and Q, are operated in the common-collector configuration 
to provide a high-impedance input and low-impedance out- 
put. Thus, the CA3001 provides double-ended input and 
output, and can be iteratively connected with low-value 


coupling capacitors. The high-frequency response of the cir- 
cuit is determined primarily by the resistance and capaci- 
tance in the collectors of the differential pair Q, and Q,. 


BIASING 


When voltage supplies are connected to the CA3001, the 
most positive voltage must be connected to terminal 9 and 
the most negative voltage to terminal 3 (internally connected 
to the substrate and the case). For typical operation, ter- 
minals 2 and 10 are returned to ground. If desired, however, 
automatic gain control can be applied to terminal 2, and 
terminal 10 can be connected to the negative supply to per- 
mit larger negative-going output swings in the output 
transistors. 


The CA3001 may be operated with various supplies and 
at various levels. Operation from either a single supply or 
dual supplies is feasible, as shown in Fig. 2. When dual sup- 
plies are used, they may be either symmetrical or non- 
symmetrical. The use of separate positive and negative sup- 
plies minimizes the need for external components, as shown 
in Fig. 2(a). For single-supply applications, a resistor di- 
vider and a bypass capacitor must be added, as shown in 
Fig. 2(b). 
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Fig.1 - Schematic diagram and terminal connections for the CA3001 video amplifier. 


When dual supplies are used, the inputs (terminals 1 and Table I—Four Possible Operating Modes for CA3001 Amplifier 


6) are referenced to ground through equal external resistors Operating Shorted Candition QO. Emitter 
(the maximum recommended value of R is 3300 ohms for Mode Terminals of Diodes Resistor 
linear operation). The current through the resistor divider i. cite - R UR 

R, and R, should be greater than 1.5 milliamperes. For either B 5.3 aut R. ae Rie 
single or dual supplies, the operating current in transistor CG 4-3 in 

Q, is determined by the operating mode. For any given bias D 5-4-3 out R., 
voltage, four operating modes are possible, as described in Table II shows typical design performance characteristics 


Table I. Each mode is characterized by a distinct operating for the four operating modes of the CA3001 at room tem- 

current and a corresponding voltage gain, both of which perature. The output operating point and voltage gain of the 

have a particular temperature dependence. circuit are reasonably independent of resistor value, but the 
Vec (+) 


Fig.2 - Circuit connections for the CA3001 
for (a) separate positive and negative vol- 
tage supplies, and (b) a single supply. 
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Table II—Typical Design Performance Characteristics for the CA3001 Amplifier (terminals 2, 10, 6, and 1 referenced to ground) 


at 25°C Output Single- 
Operating Ended 
Volts Positive Negative Power Voltage 
Opera- (Terminals Supply Supply Dissi- Gain 
ting Supplies 8 and I] Current Current pation at 1 MHz 
Mode (+V) To Ground) (mA) (mA) (mW) (dB) 
A 6 4.3 8.4 tif 79 sys 
B 6 4.8 7.8 = 319 70 12.7 
Cc 6 2.8 O19 =f 8) 106 17.8 
D 6 4.1 8.7 aa 85 16.4 
A 4.5 3.0 6.0 = 3:4 43.6 14.6 
B 4.5 3.4 5.6 PLY] 37.6 10.0 
e 4.5 2.0 Ue = ees 58.4 17.7 
D 4.5 2.9 6.0 Se 43.6 155 
A 5 1.8 8}-7/ =a 0 22.6 13.0 
B 3 2231 3.3 —1.4 14.3 3.8 
(e 3 1.0 4.4 Sil psy) 16.4 
D 3 2.0 2.4 ale 13.0 10.8 


current and power dissipation may vary with resistor values. 
Figs. 3 and 4 show theoretical curves of output operating 
point and power gain, respectively, as functions of tempera- 
ture for nominal resistor values with supply voltage Vrr of 
—3 and —6 volts dc. The voltage between terminals 8 and 
9 or terminals 11 and 9 is denoted by Vx. Because the varia- 
tion of voltage gain and operating point with temperature is 
small for all operating modes, the choice of mode depends 
on application requirements. With a supply voltage Ver of 
— 4.5 volts, voltage-gain variation is normally less than 0.5 
dB for all operating modes over the temperature range of 
eth ot Wed C; 
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Fig.3 - Output operating point of the CA3001 (normalized 
to the 25°C operating point) as a function of tempera- 
ture for Veg supplies of -3 and -6 volts dc. 


CHARACTERISTICS 


Frequency Response. When the CA3001 video amplifier 
is used in cascade, its high-frequency response is determined 
primarily by the RC roll-off at the collectors of the differen- 
tial pair Q, and Q,. The generator source resistance may 
affect high-frequency bandwidth; for full bandwidth capa- 
bility, the parallel combination of source resistance and 
base-bias resistance should not exceed 800 ohms. The low- 
frequency response is determined by the coupling capacitor 
and the base-bias resistance value. 
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Fig.4 - Voltage gain of the CA3001 (normalized to the 
25°C gain) as a function of temperature for VEE 
supplies of -3 and -6 volts dc. 


Fig. 5 shows the circuit used for evaluation of frequency 
response of the CA3001, together with the response char- 
acteristics obtained. The circuit is operated in mode C with 
supplies of +6 volts. The 50-ohm generator simulates the 
frequency and gain behavior for iterative operation. The 
curves of Fig. 5 show the measured response characteristics 
with terminal 6 bypassed and unbypassed. When terminal 6 
is bypassed, the voltage gain is down 3 dB at 16 MHz, 
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Fig.5 - Frequency response of the CA3001 as a func- 
tion of capacitor C] in the test circuit shown with 
terminal 6 bypassed and unbypassed. 


and is greater than 10 dB through 30 MHz. When the non- 
driven input (terminal 6 in the circuit shown) is not by- 
passed, the gain decreases more rapidly as a result of 
the feedback capacitance between terminals 7 and 6. 
This feedback can be minimized by use of short leads 
and inter-terminal shielding. A shielding method is to 
ground terminal 7. 


The high-frequency roll-off of the CA3001 is a function 
of the values of resistors R, and R, in Fig. 1 and their varia- 
tion with temperature. Fig. 6 shows the effect of temperature 
on high-frequency response. The variation in response can 
be accounted for by the resistance variation with tempera- 
ture; capacitance variations with temperature are a secon- 
dary effect. 


The internal capacitors provided at the outputs of the 
CA3001 (C, and C, in Fig. 1) can be used for coupling 
circuits in cascade for narrow-band applications. Because 
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Fig.6 - High-frequency 3-dB bandwidth of the 
CA3001 as a function of temperature. 


the value of these capacitors is small, the external base-bias 
resistors shown in Fig. 5 should be increased from 1000 to 
3300 ohms to improve low-frequency response. Fig. 7 shows 
the response characteristics for a single stage in which the 
input is applied to terminal 1 from a 50-ohm generator 
through a capacitor (equal in value to C, in Fig. 1), and the 
voltage gain is measured from the generator to output ter- 
minal 8. Because this arrangement simulates single-ended 
operation, the results can be applied directly to iterative 
operation. 


The voltage division between the input capacitance and 
the coupling capacitor causes a reduction in voltage gain at 
all frequencies. The feedback capacitance from output to 
input also affects the gain performance, as shown in Fig. 7. 
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Fig.7 - Response characteristics of a CA3001 ampli- 
fier with capacitor-coupled input. 


Input and Output Impedance. Fig. 8 shows the parallel 
input resistance and capacitance of the CA3001 as a func- 
tion of frequency. The input capacitance is constant until 
it begins to decrease at high frequencies. The input resist- 
ance decreases through the frequency range from 0.1 to 10 
MHz. Because the input resistance 1s high in comparison 
with the external base-bias resistors used (3300 ohms 
maximum), the high-frequency response characteristic of 
the input is determined by the driving-source resistance, 
the base-bias resistors, and the parallel input capacitance. 
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Fig.8 - Parallel input resistance and capacitance 
of the CA3001 as functions of frequency. 


The parallel output resistance of the CA3001 is low 
(approximately 70 ohms), and the output reactance is suffi- 
ciently high to provide little or no degradation of frequency 
response through the usable frequency range. 

Noise Figure. Fig. 9(a) shows noise figure as a function of 
frequency for a 1000-ohm source. The 1/f noise corner oc- 
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Fig.9 - Noise figure of the CA3001 as a function 


of frequency and source resistance. 


curs at approximately 30 kHz; above this frequency, the 
noise figure remains flat at approximately 5 dB to 6 MHz, 
and then begins to rise. 


Fig. 9(b) shows noise figure as a function of source re- 
sistance for frequencies of 1.75 and 12 MHz. For stages 
in which noise performance is important, the source resis- 
tance should not be less than 500 ohms because of the 
rapid rise in noise figure at lower values. The noise 
figure of the CA3001 increases when non-driven base- 
bias resistors are unbypassed. For stages in which noise per- 
formance is important, the external resistor on an input 
base that is not receiving a signal must be bypassed if 
minimum noise figure is to be achieved. 

Gain Control. AGC can be applied to the CA3001 at 
terminal 2 for any of the four operating modes. Fig. 10 
shows representative age characteristics for modes C and D 
at a frequency of 1 MHz. The threshold voltage is higher 
in mode C than in mode D because of the difference in 
the base-bias circuit for the constant-current sink tran- 
sistor (Q,). 
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Fig.10 - AGC characteristics of the CA3001 


in modes C and D at | megahertz. 


The age range is dependent on frequency. At high fre- 
quencies, because the feedthrough parameters are primarily 
capacitive, it should eventually decrease at a rate of 
approximately 20 dB per decade. The average measured 
agc range at 10 MHz is 62 dB, and is 15 dB less than that 
at 1 MHz. 


Common-Mode Rejection. The common-mode rejec- 
tion of a differential amplifier is defined as the ratio between 
the full differential gain and the common-mode gain. It 
ig a useful performance characteristic, particularly at low 


frequencies. Fig. 11(a) shows the common-mode rejection 
of the CA3001 as a function of temperature at a frequency 
of 1 kHz. The common-mode rejection increases with 
increasing temperature; a typical value at 25°C is 70 dB. 


Because the CA3001 can be used in many applications 
with a single-ended output at high frequencies, both the 
single-ended differential gain and the single-ended common- 
mode gain are of considerable interest. Fig. 11(b) shows 
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both single-ended common-mode and differential-mode gain 
as functions of frequency. The common-mode gain is a 
function of the impedance ratio between the constant- 
current transistor (Q,) and the load resistor in one side of 
the differential pair (Q, or Q,). The common-mode gain 
increases with increasing frequency. 


The common-mode rejection is degraded if sufficient 
signal is applied to saturate the constant-current transistor 
(Q,). The maximum peak-to-peak input voltage without 
degradation of common-mode rejection is a function of the 
voltage supplies and the operating mode of the constant- 
current transistor. 


Harmonic Distortion and Swing Capability. When equal 
positive and negative supplies are used, operating mode C 
provides the largest swing capability because the output 
operating point is approximately centered. With voltage 
supplies of +6 volts dc at a frequency of 1 MHz, the 
single-ended output is 1.3 volts rms for 3-per-cent distor- 
tion in mode C and 0.665 volt rms in mode D. 

The signal-swing capability was also evaluated as a func- 
tion of temperature in mode C with voltage supplies of +6 
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volts dc. For 3-per-cent distortion, an output swing of 1.2 
volts rms can be obtained over the complete temperature 
range from 25 to 125°C. 

For pulse-type signals, the total possible swing capability 
is important. The voltage at the collectors of the differential 
pair may rise to the positive supply voltage, Vcc, and fall to 
the saturation level. If the bases of the input emitter- 
followers are maintained at zero potential, the emitters of 
the differential pair are negative by twice the base-to-emitter 
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Fig.11 - Common-mode rejection and voltage-gain 
characteristics of the CA3001 as a function 
of temperature and frequency. 


voltage drop, Vsr, or approximately — 1.4 volts. If the sat- 
uration voltage is assumed to be 0.2 volt, the collectors 
drop to about —1.2 volts before saturation. Therefore, the 
total swing available at the collectors is approximately 
Vcc + 1.2 volts; for a Vcc of 6 volts, the swing is 7.2 volts. 
The output voltage swing is lower than this value by Vee, 
or from 5.3 to —2.0 volts. This total swing capability can 
be realized only when the resistors R3 and Rg (terminal 
10) are returned to the negative supply voltage (terminal 10 
shorted to terminal 3). Selection of the operating point to 
obtain most of the available total swing in one direction 
involves proper choice of the operating mode and the nega- 
tive supply voltage. 


APPLICATIONS 


Cascaded Stages. Over-all performance characteristics for 
three CA3001 stages operated in cascade are shown in Fig. 
12. The need for supply decoupling is minimized by the 
symmetry of the circuit, which ensures equal and out-of- 
phase currents in the supply leads. Three circuits in close 
proximity can provide stable over-all gains of approximately 
65 dB. A further advantage of the CA3001 in cascade is 
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that a gain increase of 6 dB accrues each time a double- 
ended output is used. 

Table III and Fig. 12 show the performance of the 
CA3001 in the three-stage cascade circuit for various values 
of supplies and coupling capacitors. The only advantage of 


+6-volt supplies as compared to +4.5-volt supplies is a 
larger output-swing capability. The use of +4.5-volt 
supplies entails no sacrifice in bandwidth and little gain 
loss, and provides a saving in power dissipation of almost 
2 to 1. Better signal-to-noise performance can be achieved 


Table I1I—Performance of CA3001 Cascade Amplifier shown in Fig. 12 


Coupling Capacitor 

Voltage Supplies +6 
Power Dissipation 276 
Single-Ended-Output 64.5 

Midband Gain 
3-dB Response Upper 9 
Lower 0.0125 
AGC Range 65 
Output Signal for 3-per-cent Distortion We) 
Input Signal for 3-dB Signal-to-Noise Ratio 26 


0.02 uF 100 pF 
+ 4.5 +6 +45 Vdc 
146 276 146 mW 
63 60.5 pe dB 
9 10.5 10.5 MHz 
0.0125 1.9 1.9 MHz 
63 61 59 dB 
1.15 1.15 0.7 Vrms 
14 20 18.5 uVrms 


with no change in bandwidth if a higher value of source 
resistor is used (e.g., 800 ohms, rather than the value of 50 
ohms shown in Fig. 12). The age range of the cascaded cir- 
cuits was 10 dB less than that for an individual circuit be- 
cause no interstage shielding was provided and double-ended 
output was not used. 

The CA3001 was also evaluated in a three-stage cascade 
arrangement in which the internal capacitors were used for 
coupling. The circuit diagram for this evaluation is shown 
in Fig. 13, and the measured characteristics are shown in 
Table IV and Fig. 13. 


Schmitt Trigger. The CA3001 has an advantage in 
Schmitt-trigger applications because the emitter-follower 
outputs isolate the impedances of the feedback loop from the 
differential stage. These outputs are also capable of driving 
low-impedance loads. When symmetrical power supplies of 
up to +6 volts are used, the CA3001 operates without 
saturation of the basic differential pair (Q, and Q.). For each 
of the four operating modes, a complete offset at the input 
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Table IV—Performance of CA3001 Cascade Amplifier shown 


in Fig. 13 

Operating Mode C 
Voltage Supplies +6 Vde 
Power Dissipation 276 mW 
Single-Ended-Output ill yal dB 
Midband Gain 
3-dB Reponse Upper Lies MHz 

Lower 1.8 MHz 
Output Signal for 3-per-cent 0.85 Vrms 

Distortion 

Input Signal for 19 uVrms 


3-dB Signal-to-Noise Ratio 


that causes all the sink-transistor current to pass through 
either Q, or Q, does not bring these transistors into satura- 
tion. As a result, uncertainties resulting in hysteresis predic- 
tion caused by storage time are eliminated. 


V1OUT 


Voltage Gain = 20 log 


Fig.13 - Three-stage CA3001 cascade amplifier 
using internal capacitors for coupling and 
frequency-response characteristics. 
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When the CA3001 is connected as a Schmitt trigger, as Table V—Performance Data for CA3001 Used 
shown in Fig. 14, the firing points can be changed by ad- . as a Schmitt Trigger 
justment of the resistor R,. This resistor value effectively Input Firing Volts 
sets the voltage at the input terminal 6 and requires that the Transition Transition R: 
from Statel from State2 Hysteresis Approximate 


input firing voltage at terminal 1 approach this value to ob- 


tain trigger action. The hysteresis voltages obtained for vari- 1S SEIS MNS als Setting 
ous trigger levels in the circuit of Fig. 14 are shown in 3.0 1.5 1.5 max. resistance 
Table V 1.1 0.1 1.0 
—1.4 —1.9 0.5 decreasing 
—3.2 —3.2 0 Rs 


R| 
4.7 K 


Fig.14 - CA3001 Schmitt trigger. 
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Application of the RCA-CA3028A and CA3028B 
Integrated-Circuit RF Amplifiers 


in the HF and VHF Ranges 


by 


H.M. KLEINMAN 


The CA3028A and CA3028B monolithic-silicon inte- 
grated circuits are single-stage differential amplifiers. 
Each circuit also contains a constant-current transistor 
and suitable biasingresistors. The circuits are primarily 
intended for service in communications systems operating 
at frequencies upto 100 MHz with single power supplies. 
This Note provides technical data and recommended 
circuits for use of the CA3028A and CA3028B in the 
following applications: 


e RF Amplifier 

e Autodyne Converter 

e IF Amplifier 

e Limiter 

In addition to the applications listed above, the 

CA3028A and CA3028B are suitable for use in a wide 
range of applications in dc, audio, and pulse ampli- 
fier service; they have been used as sense amplifiers, 
preamplifiers for low-level transducers, and dc differ- 


ential amplifiers. The CA3028B, which features tight 
control of operating current, input offset voltage, and 


input bias and offset current, is recommended for those 
applications in which balance and operating conditions 
are important. 


Useful information concerning operation of the 
CA3028A and CA3028B in mixers, oscillators, balanced 
modulators, and similar circuits may be found in ICAN- 
5022, ‘‘Application of the RCA CA3004, CA3005, and 
CA3006 Integrated-Circuit RF Amplifiers.’”’ Biasing 
considerations for the CA3028A and CA3028B differ 
from the types discussed in ICAN-5022; however, dy- 
namic performance is quite similar to that of the CA3005 
and CA3006. ICAN-5022 contains circuits that illus- 
trate operation from dual supplies which, when available, 
can simplify the biasing of the CA3028A or CA3028B. 


Both the CA3028A and CA3028B are supplied in an 
8-terminal TO-5 package which assures minimum inter- 
lead capacitance and consequently excellent stability 
in high-frequency circuits. The spacing of the leads on 
the hermetically sealed package permits installation of 
the integrated circuits on printed circuit boards by wave- 
soldering techniques. 
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Circuit Description 


The circuit diagram and terminal connections for 
the CA3028A and CA3028B are shown in Fig.l. The 
circuit is basically a single-stage differential amplifier 
composed of transistors Q; and Qo driven from a con- 
stant-current source Q3. A single-ended input may be 
connected to terminal 1 or terminal 5, or push-pull in- 
puts to terminals 1 and 5. Each of these terminals must 
be provided with a biasing network. Care must be taken 
to insure that the bias voltages on terminals 1 and 5 
are nearly equal when balanced operation is desired. 
This can only be achieved in practice by using a single 
voltage divider as shown in Fig.2(a). Bias is first 
established on the base of one transistor, in this case 
Q,, through terminal 1. The base of the second tran- 
sistor, Qo in Fig.2(a), is then connected to the first Fig.1 - Schematic diagram and terminal connections for 


through a low-valued de impedance. In Fig.2(a), the in- the CA3028A and CA3028B integrated circuits. 
ductive winding of the input transformer provides the 
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Fig.2 - Connections for the CA3028A and CA3028B for use as (a) a balanced differential amplifier with a controlled 


constant-current-source drive and agc capability; (b) a cascode amplifier with a constant-impedance agc capability; 
(c) a cascode amplifier with conventional agc capability; (d) a converter; (e) a mixer; (f) an oscillator. 


low-resistance path. An rf choke or low-valued resistor 
may be used in place of transformer coupling, but 
caution must be exercised because even as little as 100 
ohms may cause serious unbalance in some applications. 
A single-ended output may be taken from terminal 6 or 
terminal 8, or push-pull outputs from terminals 6 and 8. 
In systems with a single power supply of up to 12 volts, 
terminal 7 is connected to the highest positive potential 
for maximum gain. Other operating points can be select- 
ed by application of a varying bias voltage (agc) to Q3. 


The circuit diagrams in Fig.2 illustrate the flexi- 
bility of the CA3028A and CA3028B. Terminal connec- 
tions are shown for a differential amplifier driven from 
a controlled constant-current source that has age capa- 
bility; a cascode amplifier with constant-impedance or 
conventional age capability; a converter; a mixer; and 
an oscillator. The cascode mode of operation is recom- 
mended for applications that require higher gain. The 


240 
2 
0.4 3 
COLLECTOR CURRENT OF EACH TRANSISTOR~ 2.2 mA j 
Vj2° 92+ iP). a 
WN 
o Pg 
id 2 0.3 rs} 
ro) a ‘ S$ 
ba qt 
wv | & 20 
or ra 
o 2a 
De 0.8 8 
2&8 
=i 5 10 
ad 
wi oat 
oOo VO N 
nm 2 2 
22 w 
72) Ss 0.1 oO 0 
oO za 
< 
a 
J 
oO 
” 
fe) an 20 
2 3 4 6 8 2 3 
10 100 


FREQUENCY — MHz 


0.6 

COLLECTOR CURRENT OF EACH TRANSISTOR=2.2 mA 

Yon = 955+ jb 
c 22° 922 * 920 0.5 4 
o ° 
= o <1 
E [3 
i= E 
| 0.4 | 
y nN 
a o 
m0 Ost 

Ww 
g y 
é = 
a. 0.2 = 
S) a 
S 5 
es Gilat. 
1@) 
6 8 8 
| 10 100 


FREQUENCY —MHz 


141 


differential mode is preferred when good limiting is 
required. 


Operating Modes 


The CA3028A and CA3028B integrated-circuit rf 
amplifiers can be operated in either the differential mode 
or the cascode mode. Applications using the differential 
mode are distinguished by high input impedance, good 
gain-control characteristics, large input-signal-handling 
capability, and good limiting. 

For ease of design, of systems using the CA3028A 
and CA3028B, admittance or ‘‘y’’ parameters are shown 
in Fig.3 for the differential mode and in Fig.4 for the 
cascode mode. It should be noted that the y parameters 
of the more complex differential and cascode amplifier 
stages differ from those of simple common-emitter tran- 
sistor stages. 


COLLECTOR CURRENT OF 
EACH TRANSISTOR=2.2 mA 


Yo1=92) + iba, 


FREQUENCY — MHz 


COLLECTOR CURRENT OF EACH TRANSISTOR~ 2.2 mA 
Y= ayy tidy, 


SUSCEPTANCE (b),) OR CONDUCTANCE (g);)—mmhos 


4 2 4 6 8 
| : " 8 0 100 


FREQUENCY —MHz 


Fig.3 - Y parameters of the CA3028A and CA3028B in 


the differential-amplifier connection. 
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STAGE COLLECTOR CURRENT = 4.5mA 
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Fig.4 - Y parameters of the CA3028A and CA3028B in 


the cascode connection. 


For quick reference, values for input and output parallel 
RC networks and transconductance values are listed in 
Table I for the differential amplifier and in Table II for 
the cascode amplifier. 


Although the reverse transfer admittance 19 of the 
CA3028A or CA3028B is low for either cascode or dif- 


ferential operation, circuit-layout-induced instability can 
occur in high-gain amplifiers. Circuit layout is of 
paramount importance in both modes because undesirable 
coupling admittances can be much greater than the 
CA3028A or CA3028B admittances. Attention to layout 
and shielding is imperative if proper advantage is to be 
taken of the low feedback of the CA3028A and CA3028B. 


Table | Input and Output Parallel RC Network Component Values, 
Transconductance Values, and Performance Data for the 
CA3028A and CA3028B Integrated Circuits in the Dif- 
ferential Amplifier. 


Reet Input Parallel Output Parallel Transcon- 
aeeey RC Network RC Network ductance 
Rin Cin Rout Cout &m 
(MHz) (ohms) (pF) (ohms) (pF) — (millimhos) 
10.7 1800 8 922x104 4 35 
100 500 4.5 1.8 x 108 4 15 
Table I] Input and Output Parallel RC Network Component Values, 


Transconductance Values, and Performance Data for the 
CA3028A and CA3028B Integrated Circuit Cascode 


Amplifier. 

Input Parallel Output Parallel Transcon- 

Bh ily RC Network RC Network ductance 

oe a rr ee 
Rin Cin Rout Cout 8m 

(MHz) (ohms) (pF) (ohms) (pF) (millimhos) 
10.7 900 22 ~=—--1.67 x 10 a! 100 
100 170 6.3 -5 x 105 3.5 14 


Differential Amplifier 


The differential amplifier shown in Fig.2(a) is 
designed for operation at 10.7 MHz and 100 MHz. Be- 
cause the amplifier consists essentially of a common- 
collector stage driving a common-base stage, the input 
admittance yj], the output admittance yg9, and the 
forward transfer admittance y2] are decreased by a 
factor of two. The reverse transfer admittance yjQ is 
typically 140 times lower than that of a single common- 
emitter transistor at 10.7 MHz, and 10 times lower at 
100 MHz. As a result, the CA3028A and CA3028B can 
be aligned easily in if strips without need for neutral- 
ization. 


The transfer characteristic in Fig.5(a) shows the 
excellent limiting capabilities of the CA38028A and 
CA3028B differential amplifiers. This limiting per- 
formance is achieved because the constant-current 
transistor Qg limits the circuit operating current so 
that the collectors of the differential-pair transistors 
Q) and Qo do not saturate. Table III shows the maxi- 
mum permissible load resistances for non-saturating 
operation when single supply voltages of 9 and 12 
volts are used. 


When linear operation over a wide input-voltage 
range is imperative, age voltage may be applied to the 
constant-current source Q3 at terminal 7. Gain-control 


OUTPUT VOLTS (v9) 


DIFFERENTIAL—AMPLIFIER CONFIGURATION 
AMBIENT TEMPERATURE (Ta)=25°C 
FREQUENCY (f)=10.7 MHz 


POWER GAIN—dB 


FREQUENCY =100 MHz 
Voc? +9V 


NOISE FIGURE OR POWER GAIN—dB 


POSITIVE DC BIAS VOLTAGE ON TERMINAL 7—V 


Fig.5 - Characteristics of the CA3028A and CA3028B in 
the differential-amplifier connection: (a) 10.7-MHz 
transfer characteristics; (b) age capabilities; 

(c) power gain as a function of noise figure. 
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Table Ill Maximum Load Resistance Permissible for Non-Saturating 
Operation with +9 and +12 volt Single-Supply Voltages 


y den Maximum Maximum 
CC C1 + 'C2 Tuned Load Resistive Load 
(volts) (milliamperes) (ohms) (ohms) 
+9 5.0 3.6 K 1.8 K 
+12 6.8 3 1.7K 


RL =Vec/le1 + Ic2 Resistive Load 
RL =2Vcc/Ic1 + I¢2 Tuned Load 


capabilities are -60 dB at 10.7 MHz and -46 dB at 
100 MHz, as shown in Fig.5(b). Fig.5(c) shows curves 
of power gain and noise figure as a function of agc 
voltage. The combination of an optimum noise figure 
of 5.5 dB and a power gain of 15 dB at 100 MHz makes 
this circuit suitable for use as an rf amplifier in the 
commercial FM band. 


Cascode Amplifier 


When the CA8028A or CA3028B is used in the 
cascode configuration for rf-amplifier circuits, a common- 
emitter stage drives a common-base stage. The input 
admittance yj, is essentially that of a common-emitter 
stage, and the forward transfer admittance Yo 1s that of 
a common-emitter stage times the common-base alpha. 
Because of the high-impedance drive source for the com- 
mon-base stage, the output admittance y99 18 quite low 
at low frequencies (0.6 umho). The reverse transfer 
admittance Yj9 for the cascode circuit is 900 times less 
than that for a single-stage common-emitter at 10.7 
MHz, and 35 times les8 at 100 MHz. As in the differen- 
tial amplifier, ease in tuning is obtained without need 
for neutralization. 


The transfer characteristic in Fig.6 shows the 
suitability of the cascode configuration for agc take-off 
for FM front-end controls. 


Applications 


The typical applications described below illustrate 
the use of the CA3028A and CA3028B integrated-circuit 
rf amplifiers in both the differential and the cascode 
modes. 


10.7-MHz Cascode IF Amplifier. Fig.7 shows an 
FM if strip in which the CA3028A or CA3028B is used 
in a high-gain, high-performance cascode configuration 
in conjunction with a CA3012 integrated-circuit wide- 
band amplifier. The CA3012 is used in the last stage 
because of the high gain of 74 dB input to the 400-ohm- 
load ratio-detector transformer T4. An input of approx- 
imately 400 microvolts is required at the base of the 


CASCODE CONFIGURATION 
AMBIENT TEMPERATURE (T,g)=25°C 
FREQUENCY (f)=10.7 MHz 


R SUPPLY VOLTS (VcC)=+12 


Ec10 


OUTPUT VOLTS (vo) 


Fig.6 - 10.7-MHz transfer characteristics of the CA3028A 
and CA3028B in the cascode connection. 


CA3012 for -3 dB below full limiting. An impedance- 
transfer device and filter must be connected between the 
CA3012 base (terminal 1) and the output of the CA3028A 
or CA3028B (terminal 6). The insertion loss of this 
filter should be kept near 6 dB (1:2 ratio of loaded to 
unloaded Q) so that all possible gain can be realized up 
to the CA3012 base. In addition to this insertion loss, 
a voltage step-down loss of 5.8 dB in the interstage 
filter is unavoidable. Therefore, the total voltage loss 
is approximately 9 to 14 dB, and an output of 1500 to 
2000 microvolts must be available from the CA3028A or 
CA3028B to provide the required 400-microvolt input 
to the CA3012. 


The voltage gain of the CA3028A or CA3028B into 
a 3000-ohm load is determined as follows: 
ol. LOOK 


yo2 + yi, 0.33 x 1073 


VGas — 300 = 49 dB 


This calculation indicated a sensitivity of 6.6 microvolts 
at the CA3028A or CA3028B base (terminal 2). This 
value cannot be realized, however, because the CA3012 
limits on noise peaks so that the gain figure is reduced. 


A sensitivity of 7.5 microvolts was realized in the 
design shown in Fig.7. The filter approach with high- 
gain integrated-circuit chips differs from that for single, 
cascaded transistor stages in that lumped selectivity 
is required rather than distributed selectivity. 


Special care must be exercised when second-chan- 
nel attenuation in the order of 45 dB is required. 
Selectivity is then proportioned as follows: 


Interstage filter: double-tuned 220 kHz at -3 dB; 
coefficient of critical coupling, 0.7; voltage 
loss, 8 dB 


Converter filter: triple-tuned, 220 kHz at -3 dB; 
coefficient of critical coupling, 0.8; voltage 
loss, about 28 dB 


Because of input limiting in the CA3012, the interstage 
filter exhibits a somewhat wider bandwidth than the 
220 kHz indicated. Therefore, a coefficient of critical 
coupling near 0.8 is realized, which is optimum for 
minimum deviation from constant time delay. The 
triple-tuned converter filter alone provides second- 
channel attenuation of 30 to 33 dB, while the interstage 


Voc? +9V 


0.01 pF = 0.01 pF 
+49 dB 
7.5 yV =21I00unV = 400pnV 
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10.7-MHz IF Strip Using Two CA3028A or CA3028B 
Circuits. The 10.7-MHz if strip shown in Fig.8 uses 
two CA3028A or CA3028B integrated circuits to provide 
less over-all gain than the circuit of Fig.7. The first 
integrated circuit is connected as a cascode amplifier 
and yields voltage gain of 50 dB; the second integrated 
circuit is connected as a differential amplifier and 
yields voltage gain of 42 dB. 


When a practical interstage transformer having a 
voltage insertion loss of 9 dB is used, over-all gain is 


OUTPUT 


2 Vrms 


T3: Interstage transformer TRW #22486 or equiv. 
T4: Ratio detector TRW #22516 or equiv. 


Audio Output: 155 mV rms for 7.5 uV + 75 kHz input 3 dB 
below knee of transfer characteristic. 


Fig.7 - 10.7-MHz if amplifier using a CA3028A or CA3028B in the cascode mode. 


filter contributes 8 to 10 dB. The filters described meet 
requirements of both performance and economy. 


The large collector swing that can be obtained in 
cascode operation of the CA3028A or CA3028B makes 
it desirable to take the age voltage from the collector or 
**hot’’ end of the iftransformer for front-end gain control. 
The cascode stage then operates primarily in its linear 
region, and excellent selectivity (40 dB) is maintained 
even for large signal inputs of approximately 0.4 volt. 
Front-end gain reduction is between 40 and 50 dB. 


83 dB and the sensitivity at the base of the first inte- 
grated circuit is 140 microvolts. A less sophisticated 
converter filter (double-tuned) could be employed at the 
expense of about 26 dB of second-channel attenuation. 
If the voltage insertion loss of the converter filter is 
assumed to be 18 dB and the front-end voltage gain 
(antenna to mixer collector) is 50 dB, this receiver 
would have an IHFM* sensitivity of approximately 
8 microvolts. 


* Institute of High-Fidelity Manufacturers. 
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CA3028A 
OR 


CA3028B 
CASCODE 


140 pV 44.5 mV 15.8 mV 


2 Vrms 


Tg3: Interstage transformer TRW #22486 or equiv. 
Tq: Ratio detector TRW #22516 or equiv. 


Audio Output: 155 mV rms for 140 uV + 75 kHz input 3 dB 
below knee of transfer characteristic. 


Fig.8 - 10.7-MHz if strip using two CA3028A or CA3028B integrated circuits. 


10.7-MHz Differential-Amplifier IF Strip. Fig.9 
shows a 10.7-MHz medium-gain if strip consisting of a 
CA3028A or CA3028B connected as a differential ampli- 
fier and a CA3012 wide-band amplifier. As in the cir- 
cuit shown in Fig.7, an input of approximately 1500 
microvolts is required to the interstage filter. The 
differential-mode voltage gain of the CA3028A or 
CA3028B into a 3000-ohm load is determined as follows: 


35 x 1073 


Gk ei oe tae Ob pals dB 


This voltage gain requires that an input of approxi- 
mately 15 microvolts be available at the base of the 
CA3028A or CA3028B differential amplifier. 


Even if a triple-tuned filter having a voltage in- 
sertion loss of 28 dB is used in a low-gain front end, a 
receiver having an IHFM sensitivity of 5 microvolts 
results. If 26 dB second-channel attenuation is per- 


missible, a 3-microvolt-sensitivity IHFM receiver can 
be realized. 


88-MHz-to-108-MHz FM Front End. Fig.10 illustrates 
the use of the CA3028A or CA3028B as an rf amplifier 
and a converter in an 88-to-108-MHz FM front end. For 
best noise performance, the differential mode is usedand 
the base of the constant-current source Q3 is biased for 
a power gain of 15 dB. The rf amplifier input circuit 
is adjusted for an insertion loss of 2 dB to keep the 
noise figure of the front end low. Because the inser- 
tion loss of the input transformer adds directly to the 
integrated-circuit noise figure of 5.5 dB, the noise 
figure for the front end alone is 7.5 dB, as compared 
to noise figures of about 6 dB for commercial FM tuners. 


Although a single-tuned circuit is shown between 
the collector of the rf-amplifier stage and the base of 
the converter stage, a double-tuned circuit is preferred 
to reduce spurious response of the converter. If the 
double-tuned circuit is critically coupled for the same 
3-dB bandwidth as the single-tuned circuit, the in- 
sertion loss remains the same. 
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| 
0.00! pF CA3028A 56 | 
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CA3028B CS) ke C) 
DIFF. | pF 
(s) Ne SI @) 
INPUT LS ete sae 
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0.01 
BF 0.01 pF 
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Tg: Interstage transformer TRW #22486 or equiv. 
Tq: Ratio detector TRW #22516 or equiv. 


Audio output: 155 mV rms for 15 uV + 75 kHz input 3 dB 
below knee of transfer characteristic. 


Fig.9 - 10.7-MHz if strip using a CA3028A or CA3028B in the differential mode. 


The collector of the rf stage is tapped down on 
the interstage coil at approximately 1500 ohms, and 
the base of the converter stage at 150 ohms. RF volt- 
age gain is computed as follows: 


Antengato base vy... . 66. . 0 dB 
ese tocollector..°.).'/ fo .. 22"0b 
Voltage insertion loss of 

Patersiage. coil ...,. 24 «+ -13 dB 
NEL VOILAPE. aiN,. ..benere.s «os 9 dB 


If an if converter transformer having an impedance 
of 10,000 ohms is used, the calculated voltage con- 
version gain is 


~Y21 


VG, == 
32 9. 


= 112 = 41.3 dB 


Measured gain into the collector of the converter is 
42 dB. The measured voltage gain of the rf amplifier 


and converter into a 10,000-ohm load is 52 dB; calcu- 
lated gain is 50 dB. When the converter is tuned for 
the commercial FM band (88 to 108 MHz), the following 
parameters apply: 


Input resistance Rin ..... ein L702 DOnms 
Input capacitance Cjn ........ 6.3 pF 
Output resistance Rout........ 80K ohms 
Output capacitance Coyt....... 3.9 pF 
Conversion transconductance. ... 13 mmhos 


The rf amplifier and converter shown in Fig.10 
were combined with the if amplifier shown in Fig.7, 
and the following performance data were measured at 
100 MHz: 


30-dB (S + N)/N IHFM Sensitivity... 3 uV 
Image Rejection... 


Receiver noise figure is the limiting factor that permits 
a sensitivity of only 3 microvolts to be realized. 
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Vcc = +9V 


+41 4B 


+504B 


L,: 3-3/4 T #18 tinned copper wire; winding length 5/16" on 9/32" form; tapped 
at 1-3/4 T; primary — 2 turns #30 SR. 


Lo: 3-3/4 T #18 tinned copper wire; winding length 5/16" on 9/32" form; tapped 
at’ 6) 2-1/4 aA 74 oe 


Cy,.9: variable A C © 15 pF 

T : Mixer transformer TRW #22484 or equiv. 

T9: Input transformer TRW #22485 or equiv. 

Lg: 3-1/2 T #18 tinned copper wire; winding length 5/16" on 9/32" form. 
Cy4.3' variable, A C © 15 pF. 


Fig.10 - 88-MHz-to-108-MHz FM front end. 
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Linear Integrated Circuits 


Application Note 
ICAN-5338 


Application of the RCA 
CA3021, CA3022, and CA3023 
Integrated-Circuit Wideband Amplifiers 


G.E. THERIAULT, T. H. CAMPBELL, AND A. J. LEIDICH 


The RCA-CA3021, CA3022, and CA3023 
integrated circuits are multi-purpose 
high-gain amplifiers designed for use in 
video and AM or FM if stages in single- 
power-supply systems. These circuits 
feature monolithic-silicon construction, 
and are usable throughout the temperature 
Beweemtrome 55°C tovl25°C..\ They ‘are 
supplied in a 12-terminal TO-5 package. 


The GA3021, CA3022, and*CA3023 have 
the same circuit configuration and the 
same mid-band open-loop gain. However, 
different resistor values are used in the 
three circuits toprovide different values 
of power dissipation and open-loop band- 


width. Typical power dissipation with a 
Gavorltesupply is\ 3° milliwatts ‘for’ the 
CAsG2 1 l2 milliwatts. for the CA3022, “and 
36 milliwatts for the CA3023. Wider band- 


widths can be achieved with the CA3023, 
intermediate bandwidths with the CA3022, 
and narrower bandwidths with the CA3021. 


Thesmajionm feature of these circu1ts 
isa flexibility sthat permits, their use in 
the following applications: video ampli- 
fiers operating at frequencies through 
SOOMAZI* AM and FF Mead" amplrriers; 
buffer amplifiers in which an isolation 
capability greater than 60 dB at 1] MHz is 
desired. Theareas of circuit flexibility 
are as follows: 


and. 


@® Operation with dc supplies of 4.5 
LowulZavoltis. 


@e Automatic-gain-control capability 
(60-dB age range with large input-signal - 
handling capability). 


@ Limiting capability (by connection 
of diodes provided on the chip). 


@® Gain adjustment (by addition of ex- 
ternal feedback resistor or network to 
obtain desired operating gain and band- 


width). 


VO 


Circuit Description 


The circuit diagram for the CA3021, 
CA3022, and CA3023 is shown in Fig.1. 
Amplifier gain is obtained by use of 
transistors Qi Q3, Qy) and Q>; which are 
connected astwo dc-coupledcommon-emitter/ 
common-collector amplifiers having avolt- 
age gain of approximately 60 dB. The 


92CS-14416 


Fig.1-Circuit diagram and TO-5 terminal connections 


for the CA3021, CA3022, and CA3023 integrated 


clrcults. 


common-collector configuration provides 
the necessary impedance transformation 
(high-impedance input and low-impedance 
output) for wide bandwidth. The output 
transistor Q¢ provides the low output 
impedance desired foriterative operation. 
The circuit must be capacitively coupled, 
and should have a low-impedance source. 
A source resistance of 50 ohms was used 
for thecircuit measurements given in this 
Note, 


Fig.2 shows typical connections for 
the CA3021, CA3022, and CA3023 for wide- 
band and bandpass applications with and 
without agc, andfor limiter applications. 
An external feedback resistor Ry or a 
tuned circuit can be added between termi- 


nals 3 and 7 for desired bandwidth and 


gain performance. Linear operating 
conditions are maintained by the bias 
applied between the collector and the 
base of Q, by the resistor-diode network 
Ro, R3, Ri, D,. Because the collector of 
Q, is held at a fixed potential that is 
relatively independent of supply, device 
characteristics, and temperature, dc 
coupling to the remainder of the circuit 
can be used, 


Fig.2-Typical connections for the CA3021, CA3022, 
and CA3023 for (a) wideband and bandpass appli- 
cations, (b) wideband and bandpass applications 
requiring agc, and (c) limiter applications. 


For applications inwhich gain control 
is desired, terminals 10 and 12 are left 
floating and age isapplied to terminal 2, 
as shown in Fig.2b. For maximum gain, 
terminal 2is operated at a positive volt- 
age not larger thanthe supply voltage applied 
to terminal 5. In the positive voltage 
condition, transistors Q> and Q. are 
Saturated and the impedance in the 
emitters of Q1 and Q4 is low. When the 
gain-control voltage becomes negative, 
Qs and Q; come out of saturation and 
provide high degenerative emitter re- 
sistance which reduces the gain. Because 
most of the increasing signals appear 
across the increasing degenerative re- 
Sistance, the active gain transistors 
Qn Q3, Qn and Q, handle only a small 
part of the large signal. As a result, 
signal-handling capability increases with 
increasing age. Further increases of 
gain-control voltage reduce thecurrent in 
Q, and Q, and thus provide the additional 
gain control needed to achieve maximum 
age range. 


In limiting applications, diodes Do 
and D, are connectedin the feedback loops, 
feeenownein Fig. 2c, (terminals 4 to w3, 
6 to 7, and 8 to 9). The diodes provide 
clamping for sufficient input-signal 
limiting can be achieved with 
input-signal swings up to 2.5 volts rms. 


swing; 


Operating Characteristics 


DC Supply Considerations. The most 
positive voltage to be applied to the 
CA3021, CA3022, and CA3023 integrated 
circuits 1s connected to terminal 5. 
The most negative voltage is connected to 
the substrate through terminal 11. 


The circuits can be used with single 
power supplies of 4.5' "to 12° volts. ~The 
bias technique used for transistor Q,, 
and thusfor the remainder of the circuit, 
makes the collector operating voltage of 
Q, and Q, relatively independent of the 
supply. Consequently, the current in the 
circuit increases almost linearly as a 
function of supply voltage. Fig.3 shows 
typical power dissipation for the three 
circuits as a function of supply voltage. 
Because there is little change in the 
collector voltage of Q,, there is little 
change in output operating point as a 
function of supply voltage. 
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POWER DISSIPATION — mW 


SUPPLY VOLTAGE—V 


Fig.3 -Power dissipation as a function of supply 
voltage. 


DC Stability with Temperature. The 
output operating points of the CA3021, 
CA3022, and CA3023 are shown in Fig.4 as 
a function of temperature and feedback 
resistance. As a result of the resistor 
values used in each circuit, the output 
operating point is compensated in the 
temperature range between -20°C and 75°C 
when the circuit is operated under open- 
loop, conditions Mtearminals 13) and °7 
floating). Insertion of a feedback re- 
sistor betweenwternminals 3 and 7 is 
recommended to minimize degradation in 
performance at temperatures outside this 
range. The maximum value of the feedback 
resistor Ry, recommended for optimum per- 
formance of each circuit is shown in the 
following table: 


Circurt R ¢ - ohms 
CA3021 18000 
CA3022 5100 
CA3023 2000 


Use of a feedback resistor of the maximum 
value provides equal ac and de feedback, 
but reduces theusable gain of the circuit 
to approximately 40 dB. When equal ac anddc 
feedback is not desired, as in the case 
of bandpass or tuned responses, a choke 
or tuned circuit can be included between 
the feedback terminals 3 and 7 to provide 
dc temperature stability and permit gains 


Obi (ora Sa 


As a general rule, feedback should be 
included in all applications in which 
operation over an extended temperature 
range is required. 
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DC Considerations for Gain Control. 
When the age transistors Q, and Q, are 
ingiludedtin’ tibertoerrcua th> thevertput 
operating point can be held constant only 


by addition of feedback. Variation of 
operating point is caused by the added 
collector-to-emitter voltage of Q, and Q, 
in saturation in the emitters of Q, and 
Q,.' ‘The effect-is* more* pronounced" aneaee 
higher-current circuits, CA3022 andCA3023. 
As discussed previously, full de feed- 
back can be used to stabilize the oper- 
ating point; ac feedback can be removed 
by the use of tuned circuits. The maxi- 
mum recommended values of Ry provide 
satisfactory stability when the circuit 
is connected for agc. 


DC Considerations .for Limi tii, eee 
diodes D, and D, 
are included in the feedback loops in the 
circuit (external connections:are made.as 
shown, an, Frey 2ich . 
dita on.se 


Limiter applications, 


Under open-loop con- 
the dc operating point may be 
such thatD, andD, (usually D4) are turned 
The. gain is, then, reduced Jang sene 
amplifier will not operate linearly,at low 
levels... The valwes of R, recompenden 
previously ‘also assure’ correct Qpergesus 
for limiting amplifiers. 


on. 


AC Frequency Response and Gain Per- 
formance. Open-loop frequency responses 
for the CA3021, CA3022) and (CAS eae 
given in Fig.5. The curves also show the 
response characteristics tothe 3-dB point 
for various values of feedback resistance. 
Values of feedback resistance larger than 
those recommended for operating-point 
temperature stability are included “tia 
indicate gain performance at resonance 
when tuned circuits or chokes are used 
in. the feedback loop. 


MEMES, 


For these measure- 
the circuits were operated with a 
50-ohm source and a high impedance load. 


Fig.6 shows thevariation of gain with 
temperature for the three circuits. ) "Bach 
circuit was sufficient 
feedback to provide a closed-loop gain of 
approximately 40 dB. The gain variation 
is practically independent of feedback, 
and is slightly greater for the CA3023 
than for the other Fig.7 
shows typical upper-3-dB frequency shifts 
with temperature for the three circuits 
for a gain of approximately 40 dB. 
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Fig.5 - Frequency-response characteristics. 
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In buffer-amplifier applications, 
reverse feedback or isolation capability 
is required. The following table shows 


the isolation performance of the CA3021, 
CA3022, and CA3023 at three frequency 
levels withthe input terminated in50 ohms. 


Feedback Voltage Injected Resultant Feedthrough Input Voltage 
Resistor at Output Below theApplied Output Voltage 
Circuit R - (ohms) (volts rms) (dB) 
T oe MHZ f = 10 MHz f = 50 MHz 
CA3021 18000 66 66 54 
CA3022 5000 66 66 54 
CA3023 2000 66 66 Je 
AC Signal Power Output. The maximum nals 3 and 7 of the CA3021, CA3022, or 


power-output capability of the common- 
collector output transistor Op 20 Figed 
occurs for a load-resistance value higher 
than the output impedance. For determi- 
nation of optimum load-resistor values, 
each circuit was operated from a 6-volt 
supply at a gain of approximately 40 dB 
with a variable resistor capacitively 
coupled to terminal 8. The variation of 
maximum linear signal output as a function 
of load py Wee eae a 


resistance is shown 


SUPPLY VOLTAGE = 6V 
TEMPERTURE = 25°C 


OUTPUT POWER— pW 


fe) 04 0.8 1.2 16 2.0 2.4 


OUTPUT POWER—pW 


ie) 2.5 5 7.5 10 12.5 15 
LOAD RESISTANCE—OHMS x 103 


Fig.8 -Maximum linear signal output as a function 
of load resistance. 


Maximum power output was measured at a 
level at which output distortion was just 
discernible on an oscilloscope. 


Tuned Circuit in the Feedback Loop. 
When a parallel tuned circuit is 
cluded inthe feedback path between termi- 


eae 


CA3023, the gain at resonance is a function 
of the equivalent resistance of the feed- 
back loop. Gain characteristics of the 
three circuits as a function of feedback 
resistance are shown in Fig.9. For each 


circuit,» there,is a value of feedback 
60 
SUPPLY VOLTAGE = 6 V 
TERMINALS 10, Il, AND 12 CONNECTED TO GROUND 
50 
S 40 
| 
z 
<q 
© 30 
Ww 
< 
= 
a 
3 20 


2 6 8 104 
FEEDBACK RESISTANCE (R¢)— OHMS 


102 Pa oe 103 


Fig.9 -Voltage gain as a function of feedback 
resistance. 


resistance R,for whichthe gain approaches 
zero. This condition», occurs) when ‘the 
small-signal transconductance g (lot tthe 
transistor Q, is equal to the conductance 
of the parallel tuned circuit; signal 
cancellation then results at terminal 7. 
In a tuned circuit designed with the 
correct feedback resistanceRy, therefore, 
zero gain can be obtained at the resonant 
frequency. The resistance values re- 
quired for signal cancellation are 2000 
ohms for the CA3021, 400 ohms for the 
CA3022, and 230 ohms for the CASO oe 
When the tuned-circuit impedance is made 
equal to these cancellation resistance 


values at resonance, the gain increases 


EI ET TT 55 


at frequenciesoff resonance and atrapping 
effect results. For zero feedback re- 
sistance, the gain of each circuit is 
approximately 24 dB. For values of 
feedback resistance in excess of the 
cancellation resistance, the gain in- 
creases. When the tuned circuit has a 
resonant impedance higher than the can- 
cellation resistance, the response is 
added tothe videoresponse characteristic, 


as shown in Fig.10. Then, because no 


VOLTAGE GAIN—dB 


FREQUENCY — MHz 


Fig.10 - Voltage gain asafunction of frequency in 
a bandpass amplifier when the tuned-ctrcutt 
resonant impedance Rp is higher than the cancel- 
lation resistance Rf: 


purely resistive value occurs that 1s 
equal to the cancellation resistance, no 
cancellation occurs. 


The bandwidth of the response can be 
approximated by determining the total 
loading of R, onthe parallel tuned circuit 
in the feedback path, as follows: 


aps Gaal 
mop Exit Br) (Rally ) 1 Bx. Pep 


where Ry is the resistance at resonance 
of the unloaded Q, Ry is the resistance 
added to the tuned circuit for adjustment 
frees, and (R, 4 Rg ) Tr the seri os 
combination of the two common-collector 
load resistors. The 3-dB bandwidth for 
the response is given by 


Typical values for (R, + Rg) for the three 
circuits are 39000 ohms for the CA3021, 


10900 ohms for the CA3022, 
for the CA3023. 


and 4800 ohms 


Output Tuned Circuits. The curves of 
Fig.8 indicate that capacitive coupling of 
the common-collector output transistor Q, 
to a matched load severely limits the 
transistor output-voltage-swing capa- 
bi litive ~ Lite Chevrequiredamismatch: 1s 
achieved byac coupling of a tuned circuit 
directly across the output, the tuned 
circuit will be loaded by the low output 
impedance of the common-collector tran- 
sistor. However, comparable output power 
can be obtained by use of a resistor in 
series with the circuit output and the 
tuned circuit. This arrangement provides 
a load for the common-collector tran- 
sistor for frequencies off resonance of the 
tuned circuit, and prevents the possi- 
bility of reactive loads causing emitter- 
follower transistor instability. 


GernieGomerdl an bverCAsoe UWwOA3 022, 
and CA3023 are connected as shown in 
Fig.2b when gain-control application is 
desired. Transistors Qs and Q. are then 
included in the emitter-signal path of 
transistors Q, and Qu respectively. For 
maximum gain, a positive voltage is 
applied to terminal 2 which saturates 
transistors Q, and Q.. If a voltage of 
O'volts.15 applied to terminal 2, "the 
(Viical gai raCon rol ueurre nt, 1,8 0:28 
milliampere. The gain-control action is 
provided by reduction of the voltage on 
terminal 2. Thedecreasing voltage causes 
tranSaisitiors Q> and Q; to come out of 
saturation and present a high impedance 
in the emitter leads of transistors Q 
and Qi). It isimportant that good filtering 
and isolation be maintained at the age 
terminal 2 because transistors Q, and Q. 
are in the linear active region for a 
portion of the agc range and can, there- 
fore, provide gain for asignal on the age 
terminal. 


The minimum gain is determined by a 
combination of the gain of Q, and feed- 
through to the collector of Q, along a 
resistance path made up of Ry, and Rog. 
Because the signals are out of phase, 
there is a point at which cancellation of 
signal results. This cancellation occurs 
in all three circuits when terminal 2 1s 
0.5 volt more negative than terminal 11. 
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It 1s accompanied by severe distortion of 
signal and AM modulation. Techniques for 
obtaining agcwithout reaching the cancel - 
lation point are discussed later. 


When the maximum recommended feed- 
back for operating-point 
stability is used in the connection of 
Fig.2b, maximum gain is reduced because 
of the extra emitter resistance presented 
bythe saturation, resistance of tran-= 
sistors Q, and Q.. Maximum voltage gain 
for each circuit is approximately 30 dB 
with the maximum recommended feedback 
resretance-and~ avo evolt supp hyn tne 
typical age range Tor’ each circuit is 


55 dB with resistive feedback. 


resistance 


When a tuned circuit is used in the 
feedback loop, 
obtained in the age connection shown in 
Fig.2b. The maximum gain obtainable is 
approximately 50 dB when high feedback 
impedance is maintained. A self-resonant 
choke 1s a convenient element to add 
the feedback loop toobtain high impedance 


higher maximum gain can be 


in 
because it provides wide bandwidth; re- 
sistance loading can be added to adjust 
the gain to the desired value. When a 
combination of self-resonant choke and 
added resistance is used, dc feedback 
complete and theponermm ting point is 
temperature-stable. Wide-bandwidth tuned 
ClYTCUmLES are Suggested ton aul. three 
Circuits . but especrallygior *thesCGA3022 
and CA3023 because the bandwidth shifts 
With galn? CONTrOU, as snown ean lag. |). 
For atuned frequency of 3MHz at full gain, 


ie 


30 


20 


VOLTAGE GAIN—dB 
° 


FREQUENCY — MHz 


Fig.11-Effect of gain control on response 
characteristics. 


for example, the resonance point of the 
tuned response increases slightly (about 


a20pers cent) for: gains conttralsofheeontue 
-30 dB because of the combination of the 
low-frequency roll-off and the tuned 
response. In the region of gain control 
of -50 dB, the high-frequency roll-off 
affects the response and the resonant 
frequency decreases below 3 MHz (by about 
LOsper!cent!). ssAt, dulheagen thee 
circuit);becomes astrapiam the seeue 
through path, minimum gain is achieved 
at the 3-MHz frequency, and the response 
1s inverted, i.e., a notch occurs where a 
bandpass hadexisted. When tuned circuits 
are included in the feedback path of /the 
gain-controlled amplifier, therefore, it 
recommended that the bandwidth be 
chosen as wide as possible to minimize 
detuning effects. Desired bandwauaum 
control should be obtained at the input, 
at the output, or in the feedback path of 
Stages without gain control. 


1s 


The use of emitter degeneration as a 
gain-control technique improves signal - 
handling capability. At full gain control, 
signals .as high-@ew2"voltserms scanmebe 
handled without the occurrence of serious 
overload distortion. .«Typreal wero. 
modulation characteristics forthe CA3021, 
CA3022, and CA3023 with only feedback 
resistance in the feedback loop are shown 
in Fig.12. Maximum gain for each circuit 
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Fig. 12 - Cross-modulation distortion characteristics. 


was approximately 30 dB. When a tuned 
circuit is used in the feedback loop, 
more gain-control range is available as a 
result of the feedthrough reduction. 
Depending on the impedance of the tuned 
circuit, thegain-control range is between 
60 and 80 dB. The cross-modulation 


characteristics when tuned circuits are 


used are similar to thoseobtained with 
resistive feedback except for modifica- 
tions caused by different feedback 
characteristics of interfering signals 
outside the tuned-circuit passband. 


Limiting. For applications in which 
signal limiting is required, the diodes 
eet ween soe!), CA3022, amd CA3023 are 
connected as shown in Fig.2c. At low 
the diodes are cut off and 
the gain performance is similar to that 
described previously except for some 
bandwidth reduction caused by the inherent 
Capacitance of the diodes. For large 
input-signal swings in the negative di- 
rection, the collector of transistor Q, 
becomes positive and the collector of 
transistor Q, becomes negative, and diode 
D, begins to conduct. This action clamps 
the collector of Q; to the collector of 
Q4, and, because the diode is in the feed- 
back path, reduces the gain. For positive 
aiart he the “ed tector tof 
transistor Q,; becomes negative and the 
output at terminal 8 becomes positive. 
Two effects tend to limit 
of positive polarity: 
to cutoff, 
duction. 


signal levels, 


swings input, 


input signals 
transistor Q4 going 
and diode D3 going into con- 
When the circuits are connected 
feeshovyner Fig.2c, 
cal at the onset. 


however, 


limiting is symmetri- 
With increased signal, 
the symmetry is not perfectly 
preserved because of de shift in the 
circuit. Typical output-signal charac- 
teristics as a function of input level 
are shown inFig.13. The lack of symmetry 
at high input levels causes a decrease in 


power output, as shown in the waveforms. 


iymitine characteristics forthe 
CA3021, CA3022, and CA3023 were measured 
in the circuit configurations shown in 
Fig.14. The output tuned circuit was 
designed to provide filtering for the 
desired output frequency sothat rms values 
of output voltage could be obtained. 
Limiting characteristics were measured 
for two types of feedback, resistive and 
tuned circuit; results are shown in Fig.15. 
When a resonant circuit is used in the 
feedback loop, the gain of the circuits 
is higher and limiting occurs at a lower 
input level. The effects of multistage 
limiting are described later. 
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VERTICAL SCALE = 0.5 V/DIV. 
HORIZONTAL SCALE = 0.5 iS/DIV. 
R¢ = 2000 ohms 
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Vin = 1 Vrms 


Fig.13 - Output waveforms obtained in a limiter 
application. 


The table below 
shows typicalnoise figures forthe CA3021, 
CA3022, and'CA3023 circuits for a frequency 
of 1 MHz, a supply voltage of 6 volts, 
and a source resistance of 50 ohms. The 
data in the first column of noise figures 


Noise Performance. 


were measured in the connection shown in 
BRig.2a5 ithe data 
measured inthe connection shown inFig. 2b. 


second column shows 


Noise Figure — dB 
TeraatOa hah2 AGC operating, 
; connected to noise measured 
Circuit ground; gain for maximum 
0 ab gain of 30 dB 
CA3021 bs 6 a4 
CA3022 8 ak 8.7 
CA3023 has ¥2 Sad 
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Vin 0.01 uF 


FREQ. Cc, t; Rk,  circuit’@) circuit (>) 
TYPE CIRCUITLE? CIRCUITI?? 
(MHz) (pF) (4H) = (KX?) Re yb & 

(KS) (mH) (pF 

CA3021 0.5 2000 36-64 8.2 18 ‘ae 
CA3022 1 5000 3-5 1 Sel 1.2 4-45 
CA3023 5 600 Hgcite: 1 2 - - 
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FREQUENCY = 500 kHz 


OUTPUT SIGNAL —Vrms 
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Fig.14 -Circuits used for evaluation 


of limiting characteristics. 
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Powéervdassipati on 7x2 apemnai 27 
Video Amplifiers. . The. use of single Voktagetgaimd .b. 0%. smeitig 61 
CA3021, CA3022, or CA3023 integrated Maximum undistorted output 
circuits in video applications was dis- withs5l0-ohm load. bo) .la ages 
cussed previously. For an evaluation of Signal level for 3-dB signal- 
iterative video performance, two CA3022 to Nol seeratio..§ (47162 ..0088 11 
circuits were operated in cascade. Each Dynamic range (input-output 
circuit employed 0.01l-microfarad coupling baneari vty) toon ane Los 27 
capacitors and feedback resistors of Bandwidth, 3-dB points: 
2000 ohms. Performance data can be summa- upper frequency 10.2 


rized as follows: 


lower irequency,\' 2s Sue 50 


volts 
mA 
mW 
dB 


Vrms 
pV 
dB 


MHz 
kHz 
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[O-MHz IF Amplifier. Fig.16 shows a CA3023 at 10-MHz is in the 200-millivolt 
10-MHz amplifier employing two CA3023 range, it is necessary to step up the 


circuits. The first stage is operated voltage to drive the envelope detector; 
in a broadband mode with a 2000-ohm therefore, a tuned transformer that has 
feedback resistor between terminals 3 and 4 1-to-4 turnsratio isused at the second- 
7, in accordance with the design rules stage output. The total effective circuit 
described previously. The second stage Q for this if configuration is 200, and 
is a tuned if amplifier. Because the the full rf voltage gain is 86 dB from 


sinusoidal output capability of the the input ofthe first stage to the output 
of the step-up transformer. 
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Fig. 16 - Schematic diagram and performance curves 
for 10-MHz if amplifier using twoCA3023 circuits. 
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A CA3018 integrated-circuit tran- 
sistor array isused to provide detection, 
audio amplification, andde amplification. 
Detection is provided by transistors Q3 
and Q4 of the CA3018; the detected outputis 
passed through a low-pass filter (C,, Cy, 
and Rj) and applied to the age amplifier 
transistor Q9. Transistor Qy goes from 
Cutoft tio satuseadti on? with 
signal. 


increasing 
The voltage drop across a 100- 
ohm degenerative resistor Ry prevents the 
gain-control voltage in terminal 2 of the 
first CA3023 amplifier from decreasing 


below 0.5 volt and causing signal can- 
cellation. Transistor Q, of the CA3018 
provides audio gain and is biased in a 
conventional manner. Fig.16 also shows 
the output-signal andnoise characteristics 
of the circuit as functions of rf input 
level for an input signal that is 30-per- 
cent modulated by a 1-kHz sine wave. The 
audio-output equivalent-noise bandwidth 
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4U55-kHz IF Amplifier. Fig.17 shows 
a 455-kHz two-stage if amplifier using 
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Fig.17 - Schematic diagram 


and performance curves 


for 455-kHz if amplifier using two CA3021 circuits. 
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the CA3021. The tuned-circuit approach 
discussed previously is used in the first 
stage. The rf feedback choke is self- 
resonant at 455 kHz and has a Q of 3.2 in 
the circuit. The second stage is a video 
amplifier. Input filtering would normally 
be provided to obtain the desired if 
response. For the particular choice of 
stage gain and agc loop gain, an inter- 
stage pad network is used to maintain 
stability and achieve an acceptable 
signal-to-noise ratio with gain control. 
HhentAsols output configuration is es- 
sentially the same as that used in the 
circuit of Fig.16. The signal and noise 
characteristics of the 455-kHz amplifier 
are also shown in Fig.17 for the same 
conditions used for the 10-MHz amplifier. 


28-MHz Two-Stage Limiter Amplifier. 
Fig.18 shows the circuit diagram of a 
28-MHz two-stage limiter amplifier using 
two CA3023 integrated circuits. Terminals 
3 and 7 are connected to terminals 4 and 
6, respectively; terminal 8 is connected 
to terminal 9 to provide limiting action. 
A self-resonant coil in parallel with a 
2000-ohm resistor isinserted in the feed- 
back loop of each amplifier to provide 
gain and stability. The bandwidth of the 
system before limiting is 3.8 MHz, and 
the ‘efiective.0 6. (7350 he total’ gain 
is 61 dB (3045) dB per stage)), and. the 
power dissipation is 66 milliwatts. 
Fig.18 also shows the limiting performance 
of the system. Full limiting occurs at an 
input of 300 microvolts. 


OUTPUT VOLTAGE — 
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Fig. 18 - Schematic diagram and limiting performance 
of two-stage 28-MHz limiter amplifier using the 


CA3023. 
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500-kHz Limiting Amplifier. Fig.19 
shows the circuit diagram of a 500-kHz 
limiting amplifier using two CA3021 
circuits. Two 500-kHz self-resonant 
chokes are used in the feedback path. 
A tuned circuit is included in the output 
to obtain a sine-wave output. The 
limiting characteristics ofthis amplifier 
are also shown. Although limiting occurs 


VIN 


for noise, a limited signal is apparent 
above the noise at an input signal of 1 
microvolt. Because of the noise and early 
limiting, voltage gain can only be esti- 
mated; however, it is at least 100 dB. 
Good limiting performance was obtained for 
input signals up to 3 volts rms. Total 
power drain for the circuit with a 6-volt 
supply was approximately 6 milliwatts. 
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Fig. 19 -Schematic diagram and limiting performance 
of two-stage 500-kHz limiter amplifier using the 


CA3021. 
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APPLICATION OF THE RCA CA3020 AND CA3020A 
INTEGRATED-CIRCUIT MULTI-PURPOSE 
WIDE-BAND POWER AMPLIFIERS 


W. M. AUSTIN AND H. M. KLEINMAN 


The discussions in this Note are applicable to both inte- 
grated-circuit types. The CA3020A can operate in all 
circuits shown for the CA3020. The CA3020, on the other 
hand, has a lower voltage rating and must not be used in 
applications which require voltages on the output tran- 
sistors greater than 18 volts. The integrated circuit protects 
the output transistor by limiting the drive to the output 
stages. The drive-limited current capability of the CA3020 
is less than that of the CA3020A, but peak currents in 
excess of 150 milliamperes are an assured characteristic of 
the CA3020. 

The RCA CA3020 and CA3020A integrated circuits are 
multi-purpose, multi-function power amplifiers designed 
for use aS power-output amplifiers and driver stages in 
portable and fixed communications equipment and in ac 
servo control systems. The flexibility of these circuits and 
the high-frequency capabilities of the circuit components 
make these types suitable for a wide variety of applications 
such as broadband amplifiers, video amplifiers, and video 
line drivers. Voltage gains of 60 dB or more are available 
with a 3-dB bandwidth of 8 MHz. 

The discussions in this Note are applicable to both inte- 
grated-circuit types. The CA3020A can operate in all 


circuits shown for the CA3020. The CA3020, on the other 
hand, has more limited voltage- and current-handling 
capability and must not be used in applications which 
require voltage swings on the output transistors greater 
than 18 volts or peak currents in excess of 150 milli- 
amperes. 

The CA3020 and CA3020A are designed to operate 
from a single supply voltage which may be as low as +3 
volts. The maximum supply voltage is dictated by the type 
of circuit operation. For transformer-loaded class B ampli- 
fier service, the maximum supply voltages are +9 and 
+12 volts for the CA3020 and the CA3020A, respectively. 
When operated as a class B amplifier, either circuit can 
deliver a typical output of 150 milliwatts from a + 3-volt 
supply or 400 milliwatts from a + 6-volt supply. At +9 
volts, the idling dissipation can be as low as 190 milliwatts, 
and either circuit can deliver an output of 550 milliwatts. 
An output of slightly more than | watt is available from 
the CA3020A when a + 12-volt supply is used. 


CIRCUIT DESCRIPTION AND OPERATION 


Fig. 1 shows the schematic diagram of the CA3020 and 
CA3020A, and indicates the five functional blocks into 
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Fig. 1—Schematic diagram of CA3020 and CA3020A 
integrated-circuit amplifiers. 


which the circuit can be divided for understanding of its 
operation. Fig. 2 shows the relationship of these blocks in 
block-diagram form. 


A key to the operation of the circuit is the voltage 
regulator consisting of diodes D,, D.,, and D. and resistors 
Ryo and R,,. The three diodes are designed to provide 
accurately controlled voltages to the differential amplifier 
so that the proper idling current for class B operation is 
established in the output stage. The characteristics of these 
monolithic diodes closely match those of the driver and 
output stages so that proper bias voltages are applied over 
the entire military temperature range of —55 to +125°C. 
The close thermal coupling of the circuit assures against 
thermal runaway within the prescribed temperature and 
dissipation ratings of the devices. 

The differential amplifier operates in a class A mode to 
supply the power gain and phase inversion required for 
the push-pull class B driver and output stages. In normal 
Operation, an ac signal is capacitively coupled to terminal 
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Fig. 2—Functional block diagram of the CA3020 and 
CA3020A. 


3, and terminal 2 is grounded through a suitable capacitor. 
When the signal becomes positive, transistor Qs, is turned 
on and its collector voltage changes in a negative direction. 
The same current flows out of the emitter of Q, and tends 
to flow to ground through resistor Ry. However, the im- 
pedance of Ry is high compared to the input impedance 
of the emitter of Q;, and an alternate path is available 
to ground through the emitter-to-base junction of transistor 
Qs and then through the bypass capacitor from terminal 2 
to ground. Because this path has a much lower impedance 
than Ry, most of the current takes this alternate route. 
The signal current flowing into the emitter of Q., reduces 
the magnitude of that current and, because the collector 
current is nearly equal to the emitter current, the collector 
current in Q. drops and the collector voltage rises. Thus, 
a positive signal on terminal 3 causes a negative ac voltage 
on the collector of transistor Q, and a positive ac voltage 
on transistor Q;, and provides the out-of-phase signals 
required to drive the succeeding stages. It should be noted 
that the differential amplifier is not balanced; resistor R,, 
is ten per cent greater than R,. This unbalance is delib- 
erately introduced to compensate for the fact that all of 
the current in the emitter of Q, does not flow into Q:. 
Use of a larger load resistor for transistor Q. compensates 
for the lower current so that the voltage swings on the 
two collectors have nearly the same magnitude. 


The driver stages (transistors Q, and Q;) are emitter- 
follower amplifiers which shift the voltage level between 
the collectors of the differential-amplifier transistors and 
the bases of the output transistors and provide the drive 
current required by the output transistors. 


The power transistors (Q, and Q,) are large, high- 
current devices capable of delivering peak currents greater 
than 0.25 ampere. The emitters are made available to 
facilitate various modes of operation or to permit the 
inclusion of emitter resistors for more complete stabiliza- 
tion of the idling current of the amplifier. Inclusion of 
such resistors also reduces distortion by introducing nega- 
tive feedback, but reduces the power-output capability by 
limiting the available drive. 


Inclusion of emitter resistors between terminals 5 and 6 
and ground also enhances the effectiveness of the internal 
de feedback supplied to the bases of transistors Q. and Q. 
through resistors R; and R;. Any increase in the idling 
current in either output transistor is reflected as an in- 
creased voltage at its base. This change is coupled to the 
input through the appropriate resistor to correct for the 
increased current. 


A later section of this Note describes how stable class A 
operation of the output stages may be obtained. 


OPERATING CHARACTERISTICS 


Supply Voltages and Derating. The CA3020 operates 
with any supply voltage between +3 and +9 volts. The 
CA3020A can also be operated with supply voltages up 
to +12 volts with inductive loads or +25 volts with 
resistive loads. Fig. 3 shows the permissible dissipation 
rating of the CA3020 and CA3020A as a function of case 
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Fig. 3—Dissipation rating of the CA3020 and CA3020A 
as a function of case and ambient temperatures. 


and ambient temperatures. At supply voltages from +6 to 
+12 volts, a heat sink may be required for maximum 
power-output capability. The worst-case dissipation P,_ 
as a function of power output can be calculated as follows: 


thee ie (Voc, Too, i Vecg Ioc,) is (Veo,?/ (Ree) 


where Voc, and Voc, are the supply voltages to the differ- 
ential-amplifier and output-amplifier stages, respectively; 
Igc, and Ice, are the corresponding idling currents; and 
Roc is the collector-to-collector load resistance of the out- 
put transformer. This equation is preferred to the conven- 
tional formula for the dissipation of a class B output tran- 
sistor (i.e., 0.84 times the maximum power output) because 
the P, 4, equation accounts for the device standby power 
and device variability. 
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Basic Class B Amplifier. Fig. 4 shows a typical audio- 
amplifier circuit in which the CA3020 or CA3020A can 
provide a power output of 0.5 or 1 watt, respectively. 
Table I shows performance data for both types in this 
amplifier. The circuit can be used at all voltage and power- 
output levels applicable to the CA3020 and CA3020A. 
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@ see text and tables. 


Fig. 4—Basic class B audio amplifier circuit using the 
CA3020 or CA3020A. 


The emitter-follower stage at the input of the amplifier 
in Fig. 4 is used as a buffer amplifier to provide a high 
input impedance. Although many variations of biasing may 


Table 1 — Typical Performance of CA3020 and CA3020A in Circuit of Fig. 4* 
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* Integrated circuit mounted on a heat sink, Wakefield 209 Alum. or equiv. 
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be applied to this stage, the method shown is efficient and 
economical. The output of the buffer stage is applied to 
terminal 3 of the differential amplifier for proper balance 
of the push-pull drive to the output stages. Terminals 2 
and 3 must be bypassed for approximately 1000 ohms at 
the desired low-frequency roll-off point. 

At low power levels, the cross-over distortion of the 
class B amplifier can be high if the idling current is low. 
For low cross-over distortion, the idling current should 
be approximately 12 to 24 milliamperes, depending on 
the efficiency, idling dissipation, and distortion require- 
ments of the particular application. The idling current may 
be increased by connection of a jumper between terminals 
8 and 9. If higher levels of operating idling current are 
desired, a resistor (R,,) may be used to increase the regu- 
lated voltage at terminal 11 by a slight amount with addi- 
tional current injection from the power supply Vee: 

In some applications, it may be desirable to use the 
input transistor Q, of the CA3020 or CA3020A for other 
purposes than the basic buffer amplifier shown in Fig. 4. 
In such cases, the input ac signal can be applied directly 
to terminal 3. 

The extended frequency range of the CA3020 and 
CA3020A requires that a high-frequency ac bypass ca- 
pacitor be used at the input terminal 3. Otherwise, oscil- 
lation could occur at the stray resonant frequencies of 
the external components, particularly those of the trans- 
formers. Lead inductance may be sufficient to cause 
oscillation if long power-supply leads are not properly 
ac bypassed at the CA3020 or CA3020A common ground 
point. Even the bypassing shown may be insufficient unless 
good high-frequency construction practices are followed. 
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Fig. 5—Power output of the CA3020 and CA3020A as 
a function of collector-to-collector load resis- 
tance Rec. 


CA3020 CA3020A 


Fig. 5 shows typical power output of the CA3020A at 
supply voltages of +3, +6, +9, and +12 volts, and of 
the CA3020 at +6 and +9 volts, as measured in the 
basic class B amplifier circuit of Fig. 4. The CA3020A 
has higher power output for all voltage-supply conditions 
because of its higher peak-output-current capability. 


Fig. 6 shows total harmonic distortion (THD) as a func- 
tion of power output for each of the voltage conditions 
shown in Fig. 5. The values of the collector-to-collector 
load resistance (Roc) and the idling-current adjust resistor 
(R,,) shown in the figure are given merely as a fixed 
reference; they are not necessarily optimum values. Higher 
idling-current drain may be desired for low cross-over 
distortion, or a higher value of Rac may be used for better 
sensitivity with less power-output capability. Because the 
maximum power output occurs at the same conditions of 
peak-current limitations, the sensitivities at maximum 
power output for the curves of Figs. 5 and 6 are approxi- 
mately the same. Increasing the idling-current drain by 
reducing the value of the resistor R,, also improves the 


sensitivity. 


Ta=25°C 


7 (2) 


TOTAL HARMONIC DISTORTION—PER CENT 
~ 


POWER-SUPPLY Rec 
VOLTAGE (VY) (OHMS) 


12 200 
9 150 
6 100 
3 50 


Fig. 6—Total harmonic distortion of the CA3020 or 
CA3020A as a function of power output. 


Fig. 7 illustrates the improvement in cross-over distor- 
tion at low power levels. Distortion at 100 milliwatts is 
shown as a function of idling current Igc, (Output stages 
only). There is a small improvement in total harmonic 
distortion for a large increase in idling current as the 
current level exceeds 15 milliamperes. 


APPLICATIONS 


Audio Amplifiers. The circuit shown in Fig. 4 may be 
used as a highly efficient class B audio power-output circuit 
in such applications as communications systems, AM or 
FM radios, tape recorders, phonographs, intercom sets, 
and linear mixers. Fig. 8 shows a modification of this 
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circuit which may be used as a transformerless audio 
amplifier in any of these applications or in other portable 
instruments. The features of this circuit are a power-output 
capability of 310 milliwatts for an input of 45 millivolts, 
and a high input impedance of 50,000 ohms. The idling- 
current drain of the circuit is 24 milliamperes. The curves 
of Fig. 5 may be used to determine the value of the 
center-tapped resistive load required for a specified power- 
output level (the indicated load resistance is divided by 
two). 


Veci=6V, Voc2=6V, RL=!00 OHMS ,(Rj = VARIABLE) 


TOTAL HARMONIC DISTORTION AT THE 1|00-mW 
LEVEL—PER CENT 
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Fig. 7—Total harmonic distortion as a function of idling 
current for a supply voltage of 6 volts and an 
output of 100 milliwatts. 


The CA3020 or CA3020A provides several advantages 
when used as a sound output stage or as a preamplifier- 
driver in communications equipment because each type is 
a compact and low-power-drain circuit. The squelching 
requirement in such applications is simple and economical. 
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Fig. 8—310-milliwatt audio amplifier without 
transformers. 


Fig. 9 shows a practical method of providing squelch to 
the CA3020 or CA3020A. When the squelch switching 
transistor Q, is in the “on” state, the CA3020 or CA3020A 
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Fig. 9—Method of applying squelch to the CA3020 or 
CA3020A to save idling dissipation. 


is “off” and draws only fractional idling dissipation. The 
only current that flows is that of the buffer-amplifier tran- 
sistor Q, in the integrated circuit and the saturating cur- 
rent drain of Q.. For a circuit similar to that of Fig. 8, 
the squelched condition requires an idling current of ap- 
proximately 7 milliamperes, as compared to a normal 
idling-current drain of 24 milliamperes. 

In applications requiring high gain and impedance 
matching, the CA3020 or CA3020A can be adapted for 
use without complex circuit modifications. Detectors having 
low signal outputs or high impedances can be easily 
matched to the input of the CA3020 or CA3020A buffer 
amplifier. The typical integrated-circuit input impedance 
of 55,000 ohms may be too low for crystal output devices 
such as phonograph pickups, but the sensitivity may be 
sacrificed to impedance-match at the input while still pro- 
viding adequate drive to the CA3020 or CA3020A. Both 
types may be used in tape recorders as high-gain amplifiers, 
bias oscillators, or record and playback amplifiers. The 
availability of two input terminals permits the use of the 
CA3020 or CA3020A as a linear mixer, and thus adds to 
its flexibility in systems that require adaptation to multiple 
functions, such as communications equipment and tape 
recorders. 


Fig. 10 illustrates the use of the audio amplifier shown 
in Fig. 4 in an intercom in which a listen-talk position 
switch controls two or more remote positions. Only the 
speakers, the switch, and the input transformer are added 
to the basic audio amplifier circuit, A suitable power sup- 
ply for the intercom could be a 9-volt battery used inter- 
mittently rather than continuously. 


Wide-Band Amplifiers. A major general-purpose applica- 
tion of the CA3020 and CA3020A is to provide high gain 
and wide-band amplification. The CA3020 and CA3020A 
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Fig. 10—lIntercom using CA3020 or CA3020A. 


have typically flat gain-bandwidth response to 8 MHz. Al- 
though the circuits are normally biased for class B oper- 
ation, only the output stages operate in this mode. If 
proper dc bias conditions are applied, the output stages 
may be operated as linear class A amplifiers. 

Fig. 11 shows the recommended method for achieving 
an economical and stable class A bias. The differential- 
amplifier portion of the CA3020A is placed at a potential 
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Fig. 11—Wide-band video amplifier illustrating economi- 
cal and stable class A bias of CA3020A. 


above ground equal to the base-to-emitter voltage V,,. of 
the integrated-circuit transistors (0.5 to 0.7 volt). In this 
condition, the output stages have an emitter-current bias 
approximately equal to the base-to-emitter voltage divided 


by the emitter-to-ground resistance. The circuit in Fig. 11 
is a wide-band video amplifier that provides a gain of 38 
dB at each of the push-pull outputs, or 44 dB in a 
balanced-output connection. The 3-dB bandwidth of the 
circuit is 30 Hz to 8 MHz. Higher gain-bandwidth per- 
formance can be achieved if the diode-to-ground voltage 
drop at terminal 12 is reduced, The lower voltage drop 
permits the use of a higher ratio of output-stage collector- 
to-emitter resistors without departure from the desired 
portion of the class A load line. It is important to note 
that the temperature coefficient of the terminal-12-to- 
ground reference element should be sufficiently low to 
prevent a large change in the current of the output stages. 

The same method for achieving class A bias is used in 
the large-signal-swing output amplifier shown in Fig. 12. 
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Fig. 12—Large-signal-swing output amplifier using 
CA3020 or CA3020A. 


Either the CA3020 or the CA3020A may be used in this 
circuit with power supplies below +18 volts; the 
CA3020A can also be used with B+ voltages up to 25 
volts with non-inductive loads. The circuit of Fig. 12 pro- 
vides a gain of 60 dB and a bandwidth of 3.2 MHz if the 
output transistor Q; has a bypassed emitter resistor. With 
an unbypassed output emitter resistor, the gain is 40 dB 
and the bandwidth is 8 MHz. The output stage can deliver 
a 5-volt-rms signal when a supply of +18 volts is used. 
For better performance in this type of circuit, the input 
signal is coupled from the buffer amplifier Q, to the 
input terminal 3 of the differential amplifier. This arrange- 
ment provides higher gain because the collector resistor of 
the differential-amplifier transistor Q., is larger than that 
of Q.. (This difference ‘results from a requirement of 
differential drive balance that is not used in this circuit.) 
In addition, the terminals of the unused output transistor 
Q, help to form an isolating shield between the input at 
terminal 3 and the output at terminal 7. This cascade of 
amplifiers has a single phase inversion at the output for 
much better stability than could be achieved if terminal 4 
were used as the output and terminal 3 as the input. 


Fig. 13 illustrates the use of the CA3020 or CA3020A 
as a class A linear amplifier. This circuit features a very 
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low output impedance and may be used as a line-driver 
amplifier for wide-band applications up to 8 MHz. The 
circuit requires a 0.12-volt peak-to-peak input for a single- 
ended output of 1 volt or a balanced peak-to-peak output 
of 2 volts from a 3-ohm output impedance at each emitter. 
The input impedance is specified as 7800 ohms, but is pri- 
marily a function of the external 10,000-ohm resistor that 
provides bias to Q, from the regulating terminal 1! 1. 
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Fig. 13—Class A linear amplier using CA3020 or 
CA3020A. 


Fig. 14 illustrates the practical use of the CA3020 or 
CA3020A as a tuned amplifier. This circuit uses de biasing 
similar to that shown previously, and has a gain of 70 dB 
at a frequency of 160 kHz. The CA3020 or CA3020A 
can be used as a tuned rf amplifier or oscillator at fre- 
quencies well beyond the 8-MHz bandwidth of the basic 
circuit. 
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Fig. 14—160-kHz tuned amplifier using the CA3020 or 
CA3020A. 


Driver Amplifiers. The high power-gain and power-out- 
put capabilities of the CA3020 and CA3020A make these 
integrated circuits highly suitable for use as drivers for 
higher-power stages. In most applications, the full power- 
output capability of the circuit is not required, and large 
emitter resistors may be used in the output stage to reduce 


distortion. The CA3020 and CA3020A can drive. any trans- 
former-coupled load within their respective ratings. Several 
examples of typical applications are given below. 

Fig. 15 illustrates the use of the CA3020 or CA3020A 
to drive a germanium power-output transistor to a 2.5- 
watt level. Because the integrated circuit is required to 
deliver a maximum power output of less than 50 milliwatts, 
an unbypassed emitter resistor can be used in the output 
stage to reduce distortion. Sensitivity for an output oe 
watts is 3 millivolts; this figure can be improved at a 
slight increase in distortion by reduction of the 4.7-ohm 
resistors between terminals 5 and 6 and ground. 
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i® primary impedance, 10,000 ohms; center-tapped at 160 ohms; 
primary direct current, 2 milliamperes; Thordarson TR-207 
(entire secondary), or equiv. 


To: primary impedance, 20 ohms; primary direct current, 0.6 
ampere; secondary, 4 ohms; Thordarson TR-304, 
Stancor TP62, or equiv. 


Fig. 15—2.5-watt class A audio amplifier using the 
CA3020 or CA3020A as a driver amplifier. 
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T,: primary impedance, 4,000 ohms; center-tapped; secondary 
impedance, 600 ohms; center-tapped, split; Thordarson 
TR-454 or equivalent. 


Fig. 16—10-watt single-ended class B audio amplifier 
using the CA3020 or CA3020A as a driver 
amplifier. 
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Because so little of the power-output capability of the 
CA3020 or CA3020A is used, higher-power class B stages 
can easily be accommodated by selection of suitable out- 
put transistors and appropriate transformers. 

Fig. 16 shows a medium-power class B audio amplifier 
in which the CA3020 or CA3020A is used as a driver. 
The output stage uses a pair of TO-3-type germanium 
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output transistors which must be mounted on a heat sink 
for reliable operation. Idling current for the entire system 
is 70 milliamperes from the 35-volt supply. Sensitivity is 
10 millivolts for an output of 10 watts. 

Motor Controller and Servo Amplifier. The CA3020 or 
CA3020A may be used as a 40-to-400-Hz motor controller 
and servo amplifier, as shown in Fig. 17. 
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Fig. 17—Motor controller and servo amplifier using 
CA3020 or CA3020A. 
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Principal Features and Applications of the 
RCA-CA3040 Integrated-Circuit Wideband Amplifier 


by 


W. M. Austin 


The RCA-CA3040 is a monolithic integrated circuit 
designed for use in wideband video and intermediate- 
frequency amplifier applications to frequencies as high 
as 100 MHz. The device, offered in a 12-pin TO-5 pack- 
age, features a balanced differential voltage gain of a7 
dB with less than 1 dB of imbalance and provides a 
typical 3-dB bandwidth of 55 MHz. Useful voltage gain 
is well beyond the 3-dB frequency roll-off point which, 
in some applications, extends to frequencies up to 200 
MHz. Additional features of the CA3040 include temp- 
erature compensation for gain and voltage over the -55 
to 125°C temperature range, a choice of zero or 180- 
degree phase shift from input to output terminals, and 
high input and low output impedance characteristics 
over a broad bandwidth. This Note describes the opera- 
tion of the CA3040, its electrical characteristics and 
ratings, and its primary application as a wideband amp- 
lifier. 


CIRCUIT DESCRIPTION 


Fig. 1 shows the schematic diagram for the CA3040 
circuit. The heart of this circuit consists of two differ- 
entially connected cascode amplifiers that form a so- 


The transis- 
tors Q3 and Q4 are common-emitter amplifiers which are 
connected at the emitters to form the differential trans- 
The common-base transistors Qc and Q¢ 
are emitter-driven from the common-emitter transistors 
Q3 and Qy, respectively, to form two differential-cas- 
code amplifier pairs. 


called ‘‘differential cascode’’ amplifier. 


fer junction. 


Each common-emitter amplifier is buffer-isolated 
from the input terminals by an emitter-follower stage for 
high input impedance and minimum co-channel phase 
pulling. Each common-base amplifier of the cascode is 
coupled to the output terminals by use of an emitter- 
follower stage forlow impedance at the output terminals. 


When the signal flow through the device is from 
terminal 4 to terminal 12 and from terminal 6 to terminal 
10, there is a 180-degree internal phase shift; when 
signal flow is from terminal 4 to terminal 10 and from 
terminal 6 to terminal 12, the phase shift is zero. Fig. 2 
shows a signal-flow diagram for the former case. The dc 
feedback loop shown is a bias-selection and temperature- 
tracking network. The bias network consists of refer- 
ence diodes Dy and Do, transistor Qo, and resistors R3, 
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Fig. 1 — Schematic diagram of the CA3040 wideband 


amplifier. 


EMITTER- 
FOLLOWER 
AMP. 


COMMON — 
EMITTER 
AMP. 


COMMON — 
BASE 
AMP. 


EMITTER- 
FOLLOWER 
AMP. 


CONSTANT- 
CURRENT 
DRIVE 


MODE - 
CONTROL 
CIRCUIT 


EMITTER- 
FOLLOWER 
AMP. 


COMMON - 
EMITTER 


COMMON - 
BASE 
AMP. 


EMITTER- 
FOLLOWER 


Fig. 2 — Signal-flow diagram of the CA3040. 
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Ry, R7, Reg, Rg, and R10: The bias network selected 
by proper connection of terminals 3, 7, 8, and 9 deter- 
mines the ‘‘mode’’ of desired temperature tracking. 


BIAS MODES 


The dc bias-point stability or ac gain stability of 
the CA3040 is maintained over the temperature range of 
-55 to 125°C by the choice of two bias modes. These 
bias modes are selected by proper connection of the 
transistor Qo biasing network. Fig. 3 shows the bias 
modes for (a) constant voltage and (b) constant gain. 
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Fig. 3 — Bias configurations for the CA3040 using a 
single 12-volt power supply: (a) constant -voltage 
bias; (b) constant-gain bias. 


In the constant-voltage bias arrangement, terminals 
3 and 8 are open, and terminals 7 and 9 are externally 
connected. This circuit yields a constant-voltage out- 
put for applications that use dc coupling to succeeding 
stages or that require maximum dynamic range over the 
specified temperature. DC voltage variation in this 
mode is less than 0.1 volt over the entire temperature 
range; ac gain variation is + 2.0 dB. 


In the constant-gain bias arrangement, terminals 3 
and 9 are externally connected, terminal 7 is open, and 


terminal 8 is externally connected to the substrate ter- 
minals 5 and 11. In this mode, the ac gain is extremely 
stable (typical variation is 0 dB); the dc variation at the 
output terminals is +0.8 volt. 


For most applications, the constant-voltage bias 
mode is preferred. This mode provides typical ac-gain 
variation of less than 0.5 dB over the range from room 
temperature (25°C) to 85°C ambient. The dynamic range 
in this mode remains high, and the circuit exhibits less 
distortion and greater common-mode range for large 
signal output swings. Finally, this mode requires one 
less terminal connection and provides a less complex 
layout design than that required for the constant-gain 
circuit. 


Both modes have identical power-supply require- 
ments, as illustrated in Figs. 3 and 4. Fig. 3 shows 
the use of a single 12-volt power supply, and Fig. 4 


(b) Ver Svc 


Fig. 4 — Bias configurations for the CA3040 using bal- 
anced dual (+6-volt) power supplies; (a) constant- 
voltage bias; (b) constant-gain bias. 


shows balanced dual positive and negative 6-volt power 
supplies. In Fig. 3(a) and 3(b), the inputs are bias- 
coupled to terminal 1, which is a reference to the center 
point of the power supply. Although this connection is 
most commonly used to maintain the common-mode range, 
any dc supply or “‘stiff’’ bleeder (at one-half the power- 
supply voltage) may be used. It should be noted that 


terminal 1 should not be direct-coupled to any external 
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circuit except as a bias source; otherwise, the input 
transistors or the temperature-compensation character- 
istic will not remain within the limits. 


CHARACTERISTICS AND RATINGS 


The high-frequency capability of the CA3040 is a 
characteristic of the advanced design that has been de- 
veloped in the second generation of monolithic integrat- 
ed-circuit devices. The following are typical perfor- 
mance characteristics of the CA3040. 


Fig. 5(a) shows gain as a function of frequency for 
the CA3040. The test circuit used to obtain this curve 
is shown in Fig. 5(b). The 3-dB bandwidth is typically 
55 MHz and the minimum is 40 MHz at either differential 
output when terminal 4 is driven from a single-ended 
50-ohm source. At 1 MHz, using a 63-millivolt output 
level, imbalance is not greater than +1 dB. In contrast 
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Fig. 5 — (a) Voltage gain as a function of frequency 
and (b) test circuit of CA3040. 


to the more common specification of minimum gain at 
high frequency, the performance of the CA3040 is given 
in terms of flat bandwidth relative to the 1-MHz-gain 
test point. 


Fig. 6(a) shows the input resistance and capaci- 
tance characteristics of the CA3040. (The input resis- 
tance Ryy is plotted as conductance Gyn because the 
resistance magnitude approaches infinity at approxi- 
mately 22 MHz.) The test circuit used to obtain these 
data is shown in Fig. 6(b). These curves were obtained 
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Fig. 6 — (a) Input impedance characteristics and (b) 
test circuit of CA3040. 


with the output terminals shorted and by use of the 
constant-voltage bias configuration. Although this form 
of bias has a second-order effect on the input and out- 
put capacitance, the input and output capacitance and 
conductance values for the circuits of Figs. 3 and 4 do 
not change appreciably from those shown in Fig. 6(a). 
The negative value of input resistance remains high over 
the high-gain region and has sufficient magnitude (several 
thousand ohms) at 150 MHz so that the amplifier remains 
stable for practical values of the input matching impe- 
dance. From 1 to 10 MHz, this resistance remains 
approximately 150 kilohms. The input capacitance Cin 
of the CA3040 is approximately 2.2 picofarads and re- 
mains relatively constant over the useful frequency 
range. 


Fig. 7(a) shows the output resistance and output 
capacitance of the CA3040 amplifier as a function of 
frequency. The test circuit used for thesemeasurements 
is shown in Fig. 7(b). The output resistance of the cir- 
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ciut is approximately 125 ohms at low frequencies and 
gradually rises to 215 ohms at 100 MHz, but decreases 
again to 200 ohms at 150 MHz. Although a lower output 
impedance (50 ohms or less) is more desirable, the high- 
er output impedance results in greater temperature- 
stable gain. When necessary, however, the output impe- 
dance can be reduced by addition of another emitter- 
follower stage. Even when this stage is directly coupled 
to the output, it has little effect on the de stability for 
bias-current drains less than 0.1 milliampere. 

Fig. 8(a) shows the 30-MHz noise figure as a 
function of source resistance in the test circuit present- 
ed in Fig. 8(b). This amplifier is similar to the con- 
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stant-voltage bias circuit shown in Fig. 4(a). The gain 
and frequency response of the amplifiers are equivalent. 
The 1-kilohm resistors at the input stage of the circuit 
of Fig. 5(a), however, produce a 2-dB increase in the 
noise figure when the CA3040 is matched for maximum 
power transfer. For low-noise applications, therefore, 
these shunt-biasing resistors should be replaced by low- 
loss input matching circuits which can include rf 
chokes, a transformer, or inductive-capacitive input 
circuits. It is important that the dc resistances of the 
two stages remain equal. An unequal dc voltage drop 
across the bias network produces a large dc offset at 
the output. 
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Fig. 7 — (a) Output impedance characteristics and (b) 


test circuit of CA3040. 
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Fig. 9(a) shows the I/f noise characteristics of the 
CA3040 in the test-amplifier circuit of Fig. 9(b). The 
curves represent different values of source resistance. 
The bandwidth of the test amplifier circuit is restricted 
to adapt the circuit to a Quan-Tech noise analyzer. The 
equivalent input 1/f noise is expressed in nanovolts per 
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Fig. 9 — (a) Equivalent input noise voltage as a func- 
tion of frequency and (b) test circuit of CA3040. 


* 
FERRITE BEAD= 
FERROXCUBE No 
56-590-65B8-38, 
OR EQUIV. 


100 OHMS 


Square root of the frequency. The limiting low-frequency 
1/f noise approaches 125 nanovolts per JHz at 10Hz 
and drops to approximately 25 nanovolts per /Hz at 100 
Hz. Above 200 Hz, the noise component is primarily 
shot noise. 


The noise figure NF is related to the noise voltage 
En as follows: 


En 
= 20 logy k 
(4KTR,)Y, 126.6 x 10-12 (R,)¥, 


where En is the noise voltage in volts per ./Hz, K is 
Boltzmann’s constant (1.38 x 107 3 joule/°K), T is the 
temperature in degrees Kelvin, and R, is the external 
source resistance in ohms. 


The CA3040 has a linear phase-shift characteristic. 
Fig. 10 shows the amplifier phase shift from input ter- 
minal 6 to output terminal 10 and the differential phase 
between outputs over the frequency range from 1 to 60 
MHz. The test amplifier of Fig. 5(b) was used to obtain 
the data for these curves. The resistive portion of the 
output -impedance load in Fig. 5(b) consists primarily of 
the 1-kilohm resistors. The capacitive load consists of 
all essential circuitry as well as BNC connectors and 
phase-meter input probes that represent approximately 
8.5 picofarads. Any imbalance from 180 degrees of dif- 
ferential phase at the output terminals remains small in 
comparison to the reference input-+to-output phase shift 
and is typically less than 1 degree at frequencies up to 
50 MHz. Fig. 10 shows the differential output phase 


OIFFERENTIAL 
OUTPUT PHASE 


AMPLIFIER PHASE 
SHIFT (TERM.IO) 


( TERM. 1|O— REFERENCE ) 


AMPLIFIER PHASE SHIF T—DEGREES 


DIFFERENTIAL OUTPUT PHASE— DEGREES 


| 2 4 6; 8 10 2 4 6 
F REQUENCY—MHz 
Fig. 10 — Amplifier phase shift and differential output 
phase as a function of frequency for the CA3040 test 
circuit of Fig. 5(b). 


with terminal 10 given as the reference phase. The im- 
balance exists because the feedthrough capacitance 
from terminal 10 to terminal 9 is greater than that from 
terminal 12 to terminal 9. The constant-current transis- 
tor (Qg of Fig. 1) amplifies this unbalanced stray cap- 
acitance coupling. A fundamental correction for phase 
can be made by adjustment of the output-capacitance 
load. In Fig. 5(b), a variable capacitance Cr is used 
between terminals 9 and 12 for this purpose. The addi- 
tion of Cr makes possible adjustment of the output 
Signals for phase and gain balance at the high -frequency 
roll-off point. 


Fig. 11(a) shows the frequency response of the 
CA3040 for various values of load resistance. The test 
circuit used for these measurements is shown in Fig. 
1l(b). This amplifier is biased from a balanced dual 
power supply, but is otherwise similar to the circuit of 
Fig. 5(b). The curves are valid for either method of 
biasing. 


The low-frequency portion of the curves of Fig. 
1l1(a) shows the decrease in gain with decreased load 
resistance which is characteristic of the 125-ohm output 
resistance. The higher-frequency range shows the re- 
duction in bandwidth as the load resistance is decreased. 
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Fig. 11 — (a) Frequency response curves and (b) test 


circuit for CA3040. 


This output characteristic is typical of emitter-follower 
circuits and is caused by a reduction in transistor beta 
at higher frequencies. 


WIDEBAND AMPLIFIERS 


In the basic amplifier circuit of Figs. 5(b) and 11(b), 
the bandwidth of the CA3040 may be increased by use of 
conventional RL and RC peaking, as well as feedback 
conection, at the input and output stages. Fig. 12(a) 
shows a typical wideband amplifier configuration using 
the CA3040; Fig. 12(b) shows its frequency response. 
The circuit has a wide-band series-peaked bandwidth 
greater than 90 MHz at the 3-dB point and greater than 
85 MHz to within +1 dB of gain variation. In the circuit 
of Fig. 12(a), care is taken to avoid “‘over-peaking’’ of 
the input at higher signal levels so that limiting and 
distortion effects are minimized. 


The frequency-response curves shown in Fig. 12(b), 
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Fig. 12 — (a) Typical CA3040 wideband-amplifier cir- 
cuit with series input peaking and (b) frequency re- 
sponse characteristic. 


as well as in Figs. 5(a) and 11(a), were obtained with 
conventional output circuits that contain BNC connec- 
tors coupled to the rf voltmeters and produce a total 
capacitive load of approximately 8 to 9 picofarads. The 
curve of Fig. 5(a) shows a roll-off characteristic of ap- 
proximately 12 dB per octave in the 100-to-200-MHz 
range which is the result of capacitive loading of the 
cascode and emitter-follower output stages. These out- 
put stages may be peaked for partial compensation of 
the bandwidth loss that results from emitter-follower 
output loading. The remaining loss in bandwidth, how- 
ever, results from internal circuit effects and is less 
easily corrected. 


Fig. 13 (a) shows a wideband-amplifier circuit 
that produces 50 dB + 1 dB of gain up to 53MHz, as 
shown by the curve of Fig. 13 (b). The curve shown 
is for an input-drive signal of 1.0 millivolt rms although 
the post amplifier can provide an output of 1.0 volt rms 
before limiting. The post amplifier has a broadband 
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capability of approximately 85 MHz and uses adjustable 
rf coils, Miller Type 20A__RBI, or equivalent. The 
adjustable capacitor at the emitter or the cascode serves 
to ‘fover peak’’ the post amplifier and compensate for 
the RC roll-off of the CA3040 amplifier. With this type 
of peaking compensation, a flat response that deviates 
less than 0.2dB upto 50MHz is obtained. Wideband cap- 
ability of the post amplifier is also achieved through the 
use of high-performance silicon n-p-n transistors. The 
RCA-40235 has a high gain-bandwidth product fy and a 
low collector-to-base feedback capacitance Cup Suitable 
for television rf applications. The 2N5187 is a high- 
speed switching transistor that has all the basic re- 
quirements for economical line-driver applications. The 
peaking circuit is of the series-shunt type at the col- 
lector of the RCA-40235 cascode. Because high idle 
current is needed in the amplifier output stage, the out- 
put level before limiting is set for the minimum require- 
ment necessary for the desired level of peak-to-peak 
output signal. In this case, a peak-to-peak signal of 2 
volts is easily obtained to drive a 50-ohm line that is 
matched at both ends. 
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The CA3040 amplifier in Fig. 13(a) is the same as 
the amplifier of Fig. 5(a), although the basic circuit can 
use any bias mode or power-supply configuration shown 
previously. In this particular case, the simple 12-volt 
power supply (at approximately 60 milliamperes of cur- 
rent drain) satisfies the requirement for a low-cost, 
wideband circuit. However, when several supply vol- 
tages are available, the circuit of Fig. 13(a) can be a 
direct-coupled combination of the balanced dual +6- 
volt CA3040 circuit and the post amplifier. This post 
amplifier which uses RCA-40235 transistors in a cas- 
code configuration, is designed for dc base voltages of 
3 and 6 volts. 


STABILITY 


In the classical analysis, stability is evaluated as 
a function of the transfer impedance parameter. The 
number of possible operating modes and bias options, 
each of which is evaluated over the useful frequency 
range, limits the practicality of this type of analysis 
for the CA3040. Such an analysis would be further comp- 
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Fig. 13 — (a) 58-MHz wideband amplifier including post 
amplifier and (b) frequency response characteristic. 
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licated by the fact that y-parameter data are applicable 
only at the discrete frequency at which they are taken. 


In view of these factors, the characteristics of the CA- 
3040 are guaranteed to have a reasonable stability mar- 
gin through evaluations in test circuits and by integrity 
of design. Poor circuit design or improper layout, how- 
ever, can reduce the stability margin so that oscillations 
can possibly result. 


The differential-amplifier configuration of the CA- 
3040 offers the advantage in wideband amplifier applica 
tions of neutralizing its own feedback. For this reason 
the circuit layout and printed-board pattern should be 
designed with a high degree of symmetry. 


For stability purposes, terminal 9 of the CA3040 
should not be bypassed because common-base oscillations 


12-VOLT 
TERMINAL 


(a) 


may result in the constant-current transistor Qg. This 
effect, however, may be used to advantage in oscillator 
and mixing applications. 


For some applications, such as wideband if amplif- 
iers, it is desirable to limit the high-frequency charac- 


teristics of the CA3040. In this case, series resistors 
in the base input leads of transistors Q, and Qo are 


recommended. Resistances of 10 to100 ohms in series 
with terminals 4 and 6 not only limit the bandwidth but 
also act aS parasitic suppressors. 


CONSTRUCTION 


The basic construction of the CA3040 generally 
follows the usual recommendations for high-frequency 
wideband amplifiers. Figs. 14 and 15 illustrate the 
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Fig. 14 — Printed-circuit board for the CA3040 wideband 
amplifier circuit of Fig. 5(b) using constant-voltage bias 
configuration and a single 12-volt power supply: (a) top 
view; (b) bottom view. 
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Fig. 15 — Printed-circuit board for the CA3040 wideband 
amplifier circuit of Fig. 8(b) using constant-gain bias 
configuration and balanced dual ( +6-volt) power sup- 
plies; (a) top view; (b) bottom view. 
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printed-board layout used for wideband applications of 
the CA3040. Fig. 16(a) is an exact-scale photograph of 
the printed board used in the circuits of Figs. 14 and 
15. Figs. 16(b) and 16(c) show modifications in this 
board made to accommodate the different connections 
for the single 12-volt and balanced dual 6-volt power 
supplies. Fig. 16(c) shows an alternate mounting ar- 
rangement for the CA3040 in which lead connections are 
made through individual holes in the printed board. The 
printed board layout is intended for use with the con- 
stant-voltage bias connection in which terminal 7 is 
connected to terminal 9. Before the CA3040 is mounted, 
the pins for terminals 3 and 8 are cut off because they 
are not used in these circuits. 


Fig. 16 — Printed-circuit board used for the construction 
of wideband amplifier circuits shown in this Note: 

(a) exact-scale photograph; (b) modifications required to 
accommodate connections for the single 12-volt dc 
supply; (c) modifications required to accommodate con- 
nections for balanced dual 6-volt supplies. 


The balanced dual-power-supply circuit of Fig. 15 
requires greater attention to layout because of the addi- 
tional difficulty in bypassing the negative supply. The 
emitter circuits, as well as the substrate and case, of 
the CA3040 are common to the negative supply terminals 
5 and 11. This arrangement permits the negative power- 
supply source impedance to become a common element 
for feedback. For wideband applications, however, this 
arrangement presents a problem for bypassing these 


circuit elements. The series lead inductance L in micro- 
henries is given by 


L = 0.005 £} 2.3 logy (La) 


rate! f is the lead length and d is the lead diameter, 
both in inches. 


Because this inductance is appreciable for some 
values of bypass capacitance, the circuit may resonate 
within the bandwidth of the amplifier. This resonance 
always exists and, therefore, requires extensive bypass- 
ing. As a result, the use of two and sometimes three 
capacitors at a bypass point is necessary for adequate 
bypassing of all frequencies in the pass band. In add- 
ition, the use of ferrite beads, chokes, and resistors 
may benecessary for suppression of ‘‘ripples’’ or ‘‘suck- 
out’’ in the pass band. Because of these problems a 
knowledge of the high-frequency self-resonant character- 
istics of passive circuit components up to frequencies 
near the unity-gain point of the amplifier device is 
essential. For the CA3040, this frequency may reach 
800 MHz. 


As an added precaution in minimizing inductance, 
the leads of the CA3040 should be trimmed to the min- 
imum practical length. Lead trimming, forming, and 
soldering, however, should be performed at least 1/32 
inch from the case to avoid damage to the package. 
Each lead of the CA3040 is inserted through a hole 
which has a sufficiently large diameter so that the lead 
just passes through without forcing. The leads are then 
folded out and soldered to their respective connections. 
Leadless disc capacitors are used with the circuit board 
slotted at the closest bypass point. The capacitors are 
soldered directly in vertical position to the printed board. 


Fig. 17 shows the constructed wideband post amp- 
lifier in which most parts are easily identifiable. Be- 
cause the case and collector lead of each 2N5187 tran- 
sistor are connected together, direct bypassing to the 
case was used in this particular layout to reduce lead 
inductance in the collector circuit of the 2N5187. Lead- 
less disc capacitors are used at critical bypass points. 
The terminal tie-points are teflon-insulated stand-offs. 
Input and output are shown as BNC connectors coupled 
by 0.1-microfarad disc capacitors. The output cable and 
50-ohm load of Fig. 13(a) are not shown. 
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Fig. 17 — Photograph of constructed post amplifier of 
Fig. 13(a). 
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The RCA CA3008 and CA3010 Operational Amplifiers 
are silicon monolithic integrated circuits designed to oper- 
ate from two symmetrical low- or medium-level dc power 
supplies (at supply voltages in the range from +3 volts to 
+6 volts). The power dissipation in the amplifiers ranges 
from 7.0 milliwatts to 92 milliwatts depending upon the 
supply-voltage level and the desired output-power level. 
The amplifiers are primarily intended to operate with ex- 
ternally applied negative feedback; however, they may also 
be operated successfully under open-loop conditions. The 
main features of the CA3008 and CA3010 Operational 
Amplifiers are listed below: 

¢ All-monolithic construction designed to operate at 
ambient temperatures from —55°C to +125°C. 

* Built-in temperature compensation which assures that 
the gain and de operating point are stable over the 
temperature range of —55°C to +125°C. 

* Capability of operating at extremely low dissipation 
and supply-voltage levels, as well as at medium levels. 

¢ Balanced differential-amplifier input configuration and 
a single-ended output configuration. 

¢ No shift in the de level between the differential inputs 
and the output. 

¢ Little effect on the input offset voltage from variations 
in the power-supply voltages. 


The CA3008 Operational Amplifier is supplied in a 14- 
terminal flat-pack; the CA3010 Operational Amplifier is 
supplied in a conventional 12-terminal TO-5 package. With 
the exception of the differences in their package construc- 
tion, the two operational amplifiers are identical. This note 
describes the circuit arrangement, lists the performance 
characteristics, explains the major design considerations, 
and discusses typical applications of the operational ampli- 
fiers. 


CIRCUIT DESCRIPTION 


Fig. 1 shows the schematic diagram of the CA3008 or 
the CA3010 Operational Amplifier. The numerals shown 
alongside the circuit terminals indicate the terminal designa- 
tions for the CA3008 14-terminal flat-pack and CA3010 
12-terminal TO-5S package. The numerals enclosed in 
squares are the designations for the CA3010 package. The 
diagram in the upper right corner of the figure shows the 
orientation of the terminals on the CA3008 flat-pack; the 
diagram at the lower right corner shows the orientation on 
the CA3010 TO-5 package. (The number designations used 
to refer to specific terminals in the following discussion, or 
elsewhere in this note, are those for the CA3008 14- 
terminal flat-pack. The corresponding terminals on the 


CA3010 12-terminal TO-5 package can be determined from 
the schematic in Fig. 1.) 

As shown in the schematic diagram, each operational 
amplifier consists basically of two differential amplifiers 
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the second differential amplifier is provided by current-sink 
transistor Q,. Compensating diode D, provides the thermal 
stabilization for the second differential amplifier and also for 
the current-sink transistor, Q;, in the output stage. 
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Fig. 1—Schematic diagram of the CA3008 or CA3010 Integrated-Circuit Operational Amplifier. 


and a single-ended output circuit in cascade. Circuit ele- 
ments are also included to provide thermal stabilization 
and to compensate for shifts in the de operating point. In 
addition, negative feedback loops are employed to cancel 
common-mode signals (i.e., error signals developed when 
the two inputs to the operational amplifier are in phase 
and of equal amplitude). 


CASCADED GAIN STAGES 


The pair of cascaded differential amplifiers are respon- 
sible for virtually all the gain provided by the operational- 
amplifier circuit. The inputs to the operational amplifier 
are applied to the bases of the pair of emitter-coupled 
transistors, Q, and Q., in the first differential amplifier. 
The inverting input (at terminal 3) is applied to the base of 
transistor Q., and the noninverting input (at terminal 4) is 
applied to the base of transistor Q,. These transistors de- 
velop the driving signals for the second differential am- 
plier. A dec constant-current-sink transistor, Q,, is also 
included in the first stage to provide bias stabilization for 
transistors Q; and Q.. Diode D, provides thermal com- 
pensation for the first differential stage. 

The emitter-coupled transistors, Q, and Q,, in the second 
differential amplifier are driven push-pull by the outputs 
from the first differential amplifier. Bias stabilization for 


COMMON-MODE-REJECTION FEEDBACK LOOPS 


Transistor Q; develops the negative feedback to reduce 
common-mode error signals that are developed when the 
same input is applied to both input terminals of the opera- 
tional amplifier. Transistor Q, samples the signal that is 
developed at the emitters of transistors Q; and Q,. Because 
the second differential stage is driven push-pull, the signal 
at this point will be zero when the first differential stage 
and the base-emitter circuits of the second stage are 
matched and there is no common-mode input. A portion 
of any common-mode, or error, signal that appears at the 
emitters of transistors Q, and Q, is developed by transistor 
Q, across resistor R: (the common collector resistor for 
transistors Q,, Q., and Q,) in the proper phase to reduce the 
error. The emitter circuit of transistor Q; also reflects a 
portion of the same error signal into current-sink transistor 
Q, in the second differential stage so that the activating 
error signal is further reduced. 

Transistor Q, also develops feedback signals to compen- 
sate for dc common-mode effects produced by variations 
in the supply voltages. For example, a decrease in the dc 
voltage from the positive supply results in a decrease in the 
voltage at the emitters of transistors Q, and Q.. This nega- 
tive-going change in voltage is reflected by the emitter cir- 
cuit of transistor Q, to the bases of current-sink transistors 
Q, and Q,. Less current then flows through these transistors. 
The decrease in the collector current of transistor Q; re- 
sults in a reduction of the current through transistors Q; 
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and Q,, and the collector voltages of these transistors tend 
to increase. This tendency to increase on the part of the 
collector voltages partially cancels the decrease that occurs 
with the reduction in the positive supply voltage. The par- 
tially cancelled decrease in the collector voltage of transis- 
tor Q, is coupled directly to the base of transistor Q, and 
is transmitted by the emitter circuit of this transistor to the 
base of output transistor Q,,. At this point, the decrease in 
voltage is further cancelled by the increase in the collector 
voltage of current-sink transistor Q, that results from the 
decrease in current mentioned above. 

In a similar manner, transistor Q, develops the compen- 
sating feedback to cancel the effects of an increase in the 
positive supply voltage or of variations in the negative sup- 
ply voltage. Because of the feedback stabilization provided 
by transistor Q;, the CA3008 and CA3010 Operational 
Amplifiers provide high common-mode rejection, have ex- 
cellent open-loop stability, and have a low sensitivity to 
power-supply variations. 


OUTPUT STAGES 


In addition to their function in the cancellation of 
supply-voltage variations, transistors Q,, Q,, and Q,. are 
used in an emitter-follower type of single-ended output 
circuit. The output of the second differential amplifier is 
directly coupled to the base of transistor Q,, and the emit- 
ter circuit of transistor Q, supplies the base-drive input for 
output transistor Q,,. A small amount of signal gain in the 
output circuit is made possible by the bootstrap connection 
from the emitter of output transistor Q,, to the emitter 
circuit of transistor Q,. If this bootstrap connection were 
neglected, transistor Q, could be considered as merely a de 
constant-current sink for drive transistor Q.. Because of 
the bootstrap arrangement, however, the output circuit 
can provide a signal gain of 1.5 from the collector of 
differential-amplifier transistor Q, to the output (terminal 
12). Although this small amount of gain may seem in- 
significant, it does increase the output-swing capabilities 
of the operational amplifiers. 

The output from the operational-amplifier circuit is 
taken from the emitter of output transistor Q,. so that the 
de level of the output signal is substantially lower than 
that of the differential-amplifier output at the collector of 
transistor Q,. In this way, the output circuit shifts the dc 
level at the output so that it is effectively the same as that 
at the input when no signal is applied. 

Resistor R,; in series with terminal 8 (refer to Fig. 1) 
increases the ac short-circuit load capability of the opera- 
tional amplifier when this terminal is shorted to terminal 12 
so that the resistor is connected between the output and 
the negative supply. 


OPERATING CHARACTERISTICS 


The operating characteristics of the CA3008 and 
CA3010 Integrated-Circuit Operational Amplifiers are iden- 
tical. The characteristics data given in the following para- 
graphs, therefore, apply equally to each type. A proper 
evaluation of the capabilities of the operational amplifiers 
requires a thorough understanding of the parameters in 
terms of which the operating characteristics are expressed. 


For this reason, the special parameters for which addi- 
tional clarification may be necessary are defined in an 
appendix at the end of this note. 


DC CHARACTERISTICS 


The operational amplifiers are designed to operate from 
two symmetrical de power supplies at supply voltages in 
the range from +3 volts to +6 volts. For operation with 
+3-volt supplies, the power dissipation in the amplifiers 
is less than 7.0 milliwatts with terminal 8 open or 23 
milliwatts with terminal 8 shorted to terminal 12. When 
+6-volt supplies are used, the dissipation level increases 
to either 30 milliwatts or 92 milliwatts, depending upon 
whether terminal 8 is open or shorted to terminal 12. 

The input offset voltage for the operational amplifiers 
is typically 1.1 millivolts for all symmetrical supply volt- 
ages. This parameter is relatively insensitive to variations 
in the supply voltages. When +6-volt supplies are used, 
the variation in the input offset voltage with fluctuations 
in supply voltage is typically less than 300 microvolts per 
volt for either supply. For +3-volt supplies, the variation 
is typically 700 microvolts per volt. The offset voltage 
varies slightly with temperature as shown in Fig. 2. (Fig. 3 
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Fig. 2—Input offset voltage as a function of temperature. 
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NOTE: Pins 8 and 12 should be shorted for the pertinent 
power dissipation measurement ONLY! 


Fig. 3—Test circuit used to measure the input offset voltage. 


shows the schematic diagram of the special test circuit 
used for the offset-voltage measurements.) 

The input bias current and the input offset current of 
the amplifiers are typically 5.3 microamperes and 0.54 
microampere, respectively, when =+6-volt supplies are 
used. Figs. 4 and 5 show the variations in these parameters 
with temperature. 
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Fig. 4—Input bias current as a function of temperature. 
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Fig. 5—Input offset current as a function of temperature. 


AC CHARACTERISTICS 


Gain-Frequency Response: The operational amplifiers 
provide a gain of 60 dB at low frequencies and have a 
unity-gain bandwidth of 18 MHz when operated from 
+6-volt supplies. The typical gain-frequency response is 
shown in Fig. 6 for operation of the amplifier at —55°C, 
at +25°C, and at +125°C. The response of the amplifier 
exhibits little change over the temperature range. A typical 
gain-frequency characteristic for amplifiers operated from 
+3-volt supplies at 25°C is shown in Fig. 7. 
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Fig. 6—Open-Loop gain as a function of frequency. 
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Fig. 7—Voltage gain as a function of frequency. 
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Fig. 8—Output voltage as a function of input voltage for 
an open-loop operational amplifier. 
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Transfer Characteristic: The transfer characteristic of 
the operational amplifiers is shown in Fig. 8. This char- 
acteristic shows that the amplifiers do not exhibit any 
hysteresis effect. 

Common-Mode Rejection: The common-mode rejection 
provided by the operational amplifiers is typically 94 dB 
for operation with +6-volt supplies. Fig. 9 shows the 
differential-gain and common-mode-gain frequency plots for 
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Fig. 11—Output-swing capabilities as a function of temperature. : 
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Input and Output Impedances: When the CA3008 or FREE-AIR TEMPERATURE (Tra) —°C 
CA3010 Operational Amplifier is operated from +6-volt 
supplies, it has an input impedance of 14,000 ohms at 1 Fig. 13—Input impedance as a function of temperature. 
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kHz and an output impedance of 200 ohms (terminal 8 
open) or 75 ohms (terminal 8 shorted to terminal 12). The 
input impedance and output impedance of the amplifier are 
affected by temperature as shown in Figs. 13 and 14, re- 
spectively. 
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Fig. 14—Output impedance as a function of temperature. 


CIRCUIT DESIGN CONSIDERATIONS 


The basic design equations for the CA3008 or CA3010 
Operational Amplifier in closed-loop circuits are sum- 
marized in Figs. 15 and 16. Fig. 15 shows the basic 
schematic diagram and gives the design equations for the 


Z; = open-loop input impedance 
Z,; = open-loop output impedance 
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(1+ Vout/ Vin) : 
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Fig. 15—Inverting-feedback configuration for 
an operational amplifier. 
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generalized inverting feedback configuration, and Fig. 16 
provides the diagram and the equations for the noninvert- 
ing configuration. In both configurations, the inputs are 
returned to ground through dc paths that are effectively 
identical. This condition is necessary for minimum offset 
voltage (dc error). 

Because the open-loop input capacitance of the opera- 
tional amplifier is less than 10 picofarads, the frequency re- 
sponse is virtually independent of the drive source impe- 
dance. The input-impedance equations given in Figs. 15 and 
16 indicate that this lack of dependence is even more pro- 
nounced when the amplifiers are operated with negative 
feedback. 


Z; = open-loop input impedance 
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R= Z,(o = 0)// Z¢( w. = 0) Ayo (~) = open-loop gain 


Ayo() (Z,+ Zp), 
V.ui/ Vig Dee eee) + 2;/Z, 
Z,+ 2+ Zv0 Z, 


Lin = Z; ( + a) 
Vout/Vin 


Vout! Vin 
A oe res 
Avo(~) 


Fig. 16—Noninverting-feedback configuration for 
an operational amplifier. 


PHASE COMPENSATION 


Basically, phase compensation is used to alter the re- 
sponse of an amplifier so that a phase shift of 180 degrees 
cannot occur at a frequency for which the loop gain is 
unity or greater. A rule of thumb that will guarantee an 
ac-stable amplifier is that at the intersection of the closed- 
loop response with the open-loop response, the respective 
slopes must have a difference less than 12 dB per octave. 

With few exceptions (some of which will be covered 
in the section on applications), phase compensation must 
be accomplished by altering the open-loop response of the 
operational amplifier itself. One of the advantageous fea- 
tures of the CA3008 and CA3010 Operational Amplifiers 
is that small values of capacitance properly added to the 
amplifier circuit will provide the required phase com- 
pensation. When +6-volt supplies are used, two phase- 
compensating networks, each of which consists of a 27- 
picofarad capacitor in series with a 2000-ohm resistor, 
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connected between terminals 1 and 14 and between ter- 
minals 9 and 10, cause the amplifier to roll-off at a slope 
of one (6 dB per octave) all the way to unity gain (where 
it then breaks into a slope of two). This value of com- 
pensation is sufficient to stabilize the amplifier for all 
resistive-feedback applications including unity gain. The 
response for this value of phase compensation is compared 
to the original open-loop response in Fig. 17. Although 
the two compensating networks are sufficient to ac stabilize 
the amplifier, they are not sufficient to produce a flat 
response (within +1 dB) for closed-loop gains below 15 dB. 
Fig. 18 shows a plot of the capacitance required to produce 
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Fig. 17—Open-loop gain as a function of frequency for both 
phase-compensated and uncompensated operational amplifiers. 
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Fig. 18—Amount of phase-compensating capacitance required 
to obtain a flat (+ 1-dB) gain response as a 
function of frequency. 


a flat (+1-dB) gain response as a function of closed-loop 
gain. The capacitors must have a resistor in series with 


them so that ; % =3 MHz. 


us 


Phase compensation may also be effected convention- 
ally by adding a capacitor in series with a resistor between 
terminal 11 and ground. A 0.02-microfarad capacitor in 
series with a 22-ohm resistor is sufficient to ac stabilize the 
CA3008 or CA3010 Operational Amplifier at resistive 
closed-loop gains down to unity. 

The required phase compensation depends upon the 
feedback configuration and not upon the location of the 
drive source. Hence, phase-compensating networks that 
provide sufficient compensation for a 10-dB noninverting 
configuration also provide sufficient compensation for a 
6-dB inverting configuration because the two feedback 
configurations are identical. 


OUTPUT-POWER MODIFICATIONS 


A choice of two output-power capabilities is provided 
in the CA3008 and CA3010 Operational Amplifiers. The 
output can be tailored to the specific load requirements 
by leaving terminal 8 open and placing an appropriate re- 
sistor between terminals 6 and 12. The minimum safe value 
of load resistance (including the aforementioned resistor) 
is 200 ohms when +6-volt supplies are used. In determining 
the output capability, it should be kept in mind that the 
feedback network can contribute to the output loading 
especially in the lower-gain configurations. 


APPLICATIONS OF THE 
OPERATIONAL AMPLIFIERS 


The CA3008 and CA3010 Integrated-Circuit Opera- 
tional Amplifiers can be adapted for use in a variety of 
diverse applications. For example, the amplifiers ‘may be 
operated to provide the broad, flat gain-frequency response 
required for video amplifiers or the peaked responses re- 
quired for various types of shaping amplifiers. Other appli- 
cations of these amplifiers include comparators, integrators, 
differentiators, and summing amplifiers. The following 
paragraphs describe the circuit arrangements and the per- 
formance characteristics of the operational amplifiers in 
such applications: 


VIDEO AMPLIFIERS 


When the feedback is applied through a purely resistive 
network and suitable phase compensation is employed, flat 
gains are attainable from the operational amplifiers. Fig. 
19 shows a 30-dB noninverting configuration of a video 
amplifier, together with the closed-loop response of the cir- 
cuit. The phase compensation is provided by a 5-picofarad 
capacitor in series with a 10,000-ohm resistor. This arrange- 
ment provides the required amount of compensation, as 
predicted in Fig. 18. (For purposes of comparison, the 
uncompensated response of the 30-dB configuration is 
shown in Fig. 20. Observe the 13-dB peaking effect at 
4.5 MHz.) An alternate method of phase compensation 
may be used when the intersection of the closed-loop 
characteristic and the open-loop response occurs in a two- 
slope region. The technique is to cause the feedback ratio 
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Fig. 19—Noninverting configuration and closed-loop response of an operational-amplifier type of video amplifier that provides 
a gain of 30-dB. 
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Fig. 20—Circuit diagram and gain-frequency response of the 30-dB noninverting video amplifier operated without phase 
compensation. 
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Fig. 21—Circuit diagram and gain-frequency response of the 30-dB video amplifier when the phase compensation is accom- 
plished by the addition of a capacitor in parallel with the feedback resistor. 
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Fig. 22—Circuit diagram and response of an inverting type of operational amplifier used as a 6-dB video amplifier. 
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Fig. 23—Effect of a decrease in the phase-compensating capacitance from 56 picofarads to 33 picofarads on the 


response of the 6-dB video amplifier. 


(Z,/Z,) to roll off at a one slope. Fig. 21 illustrates this 
alternate technique for the 30-dB gain circuit. 

The low-frequency input impedance of the 30-dB non- 
inverting configuration is 480.000 ohms, as calculated from 
the appropriate equation in Fig. 16 (Z, = 14,000 ohms). 

Fig. 22 shows the configuration and the response of a 
6-dB inverting type of video amplifier. The intersection of 
the closed-loop characteristic with the compensated open- 
loop response predicts the 3-dB bandwidth of the video 
amplifier provided the transfer phase shift of the open-loop 
amplifier is approximately —90 degrees. This relationship 
suggests a way to extend the bandwidth without peak- 
ing. In the 6-dB video amplifier shown in Fig. 23, the 
3-dB bandwidth has been increased from 5.6 MHz to 11 
MHz by a decrease in the value of the phase-compensating 
capacitors from 56 picofarads to 33 picofarads. 


Because a broadband amplifier should .be capable of 
handling digital signals. data were taken to determine this 
capability. Figs. 24(a) and 24(b) illustrate the pulse- 
handling capabilities of the 30-dB noninverting circuit 
shown in Fig. 19. Fig. 24(a) shows the low-level (non- 
saturating) pulse response. The input is a 38-millivolt, 
960-nanosecond pulse; the output is a 1.1-volt pulse having 
a 40-nanosecond delay time, a zero storage time, and 
125-nanosecond rise and fall times. Fig. 24(b) shows the 
response of the amplifier for a 960-nanosecond input pulse 
under 20-dB overdrive conditions. The output pulse has 
an amplitude of 3.2 volts, a delay time of 32 nanoseconds, 
a storage time of 160 nanoseconds, a rise time of 500 
nanoseconds, and a fall time of 160 nanoseconds. 
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LOW-LEVEL PULSE 
Vin = 38mV 

Vout > ETY 

ty = 40ns 

= Ons 


i, = ty = 120ns 


OVERDRIVEN PULSE 
Vin = 1.27V 

Vout = 3.2V 

tq = 32ns 

t, = 160ns 

= 500ns 

ty = 160ns 


NOTE: 

ty ~ DELAY TIME 
t, = STORAGE TIME 
t, ~ RISE TIME 

ty = FALL TIME 


Fig. 24—Pulse-handling characteristics of the noninverting 


30-dB video amplifier: (a) Low-level pulse response; 
(b) Pulse response under overdrive conditions. 
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FREQUENCY-SHAPING AMPLIFIERS 


The operational amplifiers may be used to create sim- 
ple frequency-shaped characteristics, such as those asso- 
ciated with band-pass, notched-response, and single-tuned 
narrow-band amplifiers. 


Fig. 25 shows a noninverting amplifier that may be used 
to synthesize the following peaked-response transfer func- 


tion: 
f 
Cire) (tie) 
ee f, f, 


—— = +10 


i i) 
Vin (1+i2) (: +j—) 
f f, 


Where stil On ke/ svit.n == 40UKC/S ates 00mKCAS andl; 
= 800 kc/s. 


In terms of the notations employed in Fig. 25, the break- 
frequency equations for the amplifier may be expressed 
as follows: 
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= 40kHz 

Ori Re |” 
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+6V 


CA3008 
Vout 


Cr = 0.013 pF 


These break-frequency equations are the precise equa- 
tions derived from the gain equation in Fig. 16. The 
amount of phase compensation required is that shown 
in Fig. 18 for a noninverting gain of 20 dB. 

Fig. 26 shows the circuit configuration and the fre- 
quency response of a narrow-band, 100- kHz tuned am- 
plifier. The circuit Q is 33.3. A true single-tuned response 
can be obtained from only an inverting circuit configura- 
tion, as shown by the gain equation for the two types of 
configurations given in Figs. 15 and 16 and repeated 
below: 


1. For the inverting configuration, the gain equation is 
given as: 


Vie 


in 


= —Z,/Z, 
2. For the noninverting configuration, 


gain equation is used: 


VA 


in 


the following 


=) [ee Z re 


The “1+” term in the gain expression for the noninverting 
configuration indicates that the gain of this type of cir- 
cuit will never decrease to zero as required for a true 
single-tuned response. The amount of phase compensation 
required for the narrow-band 100-kHz amplifier is the 
value given in Fig. 18 for an inverting gain of 0.0 (infinite 
attenuation). 
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Fig. 25—Circuit diagram and response of a noninverting type of operational amplifier used to synthesize peaked-response 
transfer functions. 
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Phase Compensation not shown. It is 62 pF in series with 820 () between terminals 1 and 14 and between terminals 9 and 10. 


Fig. 26—Circuit diagram and response of an inverting type operational amplifier used as 
a narrow-band 100-kc/s tuned amplifier. 


COMPARATOR CIRCUITS 

The CA3008 and CA3010 Operational Amplifiers have 
excellent transfer characteristics for comparator applica- 
tions. As shown in Fig. 8, the amplifiers have no observable 
hysteresis effect; the trace (minus to plus) and retrace (plus 
tO minus) excursions coincide. 


INTEGRATORS 


The important design consideration when an operational 
amplifier is to be used as an integrator is that dc feedback 
be provided. This feedback is necessary so that an offset 
(error) voltage cannot continuously charge the feedback ca- 
pacitor until the amplifier limits. The required dc feedback 
is normally provided by shunting the integrating capacitor 
with a resistor so that the resulting time constant is con- 
siderably longer than the periods for the frequencies of 
interest. Fig. 27 shows the circuit configuration for the 
use of the CA3008 or CA3010 Operational Amplifier as an 
integrator and the responses of the circuit for 1-kHz square- 
wave inputs. The dc gain of the circuit is limited to 20 dB 
by the 39,000-ohm feedback resistor. The effect of this 
resistor on the gain, however, becomes negligible for ac 
signals at frequencies above 13 Hz because of the 0.03- 
microfarad capacitor in parallel with it. The weighting 
factor of integration for the circuit is about 1 millisecond 
(R = 39,000 ohms; C = 0.03 microfarad). 


Phase compensation must also be provided in an integrat- 
ing amplifier circuit to assure ac stability. In general, the 
amount of compensation required is the maximum value 
given by Fig. 18, because the closed-loop characteristic of 
the integrator has rolled off completely at the frequency 
where the intersection of the open-loop response and the 
closed-loop characteristic occurs. 


DIFFERENTIATORS 


The main problem in the design of differentiating am- 
plifiers is that the gain of such amplifiers increases with 
frequency; hence, they are susceptible to high-frequency 
noise. The classical remedy for this effect is to connect a 
small resistor in series with the input capacitor so that the 
high-frequency gain is decreased. Actually, the addition of 
the resistor results in a more realistic model of a dif- 
ferentiator because a resistance is always added in series 
with the input capacitor by the source impedance. The 
schematic diagram of a CA3008 or CA3010 Operational 
Amplifier used as a differentiating circuit and the response 
of the circuit for 1-kHz square waves are shown in Fig. 
28. A value of 51 ohms is selected for the gain-limiting 
resistor to illustrate that the effect of the source impedance 
is not necessarily negligible in differentiator applications. 
This 51-ohm resistor limits the high-frequency numerical 
gain factor of the amplifier to 433. 

If the closed-loop gain of a differentiator rises to the 
open-loop value before the open-loop response has started 
to roll off, no phase compensation of the circuit is re- 
quired. In order to assure that the intersection of the 
closed-loop characteristic with the open-loop response oc- 
curs at a slope less than two, the RC time constant of the 
phase-compensating network must be adjusted so that 
the open-loop response does not roll off in the region 
of the intersection. 


SCALING ADDERS 
The inverting feedback configuration of the CA3008 


and CA3010 Operational Amplifiers lends itself not only 
to summing several different signals, but also to weighting 
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f = 1Ke/s 


OUTPUT -0.2V/DIV. 


CA3008 
f= 10Ke/s 


OUTPUT = 50mV/DIV. 


Fig. 27—Circuit diagram and the input and output waveforms for an operational amplifier used as an integrator. 


f= 1Ke/s 


INPUT - 2mV/DIV. 


CA3008 
VouT 


OUTPUT -1V/DIV. 


Fig. 28—Circuit diagram and the input and output waveforms for an operational amplifier used as a differentiator. 
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each signal to be summed. The weighting operation is 
possible because the virtual ground that exists at the junc- 
tion of the feedback resistor and the inverting input 
(terminal 3) isolates each signal channel from the others. 
The weighting operation requires that each input signal 
enters the virtual-ground node through an impedance of 
such value that its ratio to the feedback impedance is equal 
to the desired weighting factor. 

Fig. 29 illustrates the use of the CA3008 or CA3010 
Operational Amplifier as a scaling adder (weighting am- 
plifier). This figure also shows a photograph of the output 
waveform. The minimum phase compensation needed for 
this circuit is that required for the gain obtained when a 
single signal drives all the input channels in parallel. 


CA3008 
Vout 


VERTICAL = 0.5V/DIV. 


Fig. 29—Circuit diagram and output waveform obtained 


when an operational amplifier is used as a scaling adder. 


EXTERNAL MODIFICATIONS OF THE 
OPERATIONAL AMPLIFIERS 


Although the CA3008 and CA3010 units meet all the 
requirements of an operational amplifier, there are special 
applications for which certain modifications are desirable. 


The two most common examples are applications in which 
the operational amplifier is required to supply high levels 
of output power and those for which the amplifier is oper- 
ated with low dc input bias current. 


ADDITION OF A POWER-OUTPUT STAGE 


The output-power capability of the operational ampli- 
fiers ¢an be increased by the addition of an external 
emitter-follower output stage or a class B push-pull output 
stage. The emitter-follower approach is highly inefficient 
from a dissipation standpoint. A class B push-pull output 
stage, added as shown in Fig. 30, works well in a closed- 
loop circuit, but is subject to thermal runaway under open- 


DRIVING SOURCE 
(NON-INVERTING CONFIGURATION) +Voc 
OR GROUND 
(INVERTING CONFIGURATION) 


\S 


PHASE COMPENSATION NOT 
Zr SHOWN 


Ry = Zy (w= 0) 


DRIVING SOURCE Zsource << Zr 


(INVERTING CONFIGURATION) 
OR GROUND 
(NON-INVERTING CONFIGURATION) 


Fig. 30—Schematic diagram showing the addition of an 
external push-pull output stage to increase the output 


capability of an operational amplifier. 


loop conditions. The thermal-runaway effect may be con- 
trolled by the introduction of a small amount of emitter 
degeneration in each of the push-pull transistors. The load 
requirements, however, are sometimes severe enough to 
preclude the use of emitter degeneration. Moreover, de- 
pending on the choice of complementary transistors, the 
addition of the push-pull amplifier may limit the over-all 
bandwidth. 


198 


ADDITION OF INPUT EMITTER FOLLOWERS 


The dec input bias current of the operational amplifiers 
is required to be low when the amplifiers are driven either 
from a high-impedance source, such as a vidicon tube, or 
from a drive source that cannot accommodate high levels 
of de current. The input bias current required is substan- 
tially decreased when emitter followers are added to the 
input terminals of the operational amplifiers. An emitter- 


follower modification to the operational amplifiers is illus- 
trated in Fig. 31. The use of the emitter followers reduces 
the input-bias-current requirements from 5 microamperes 
per input to 0.14 microampere per input. This modifica- 
tion, however, also results in a decrease in the bandwidth, 
as indicated by the response curve for the modified circuit 
(see Fig. 31). The bandwidth is decreased because the 
emitter followers operate at very low levels of collector 
current and are driven from a high-impedance source 
(1 megohm for the circuit shown in Fig. 31). 
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Fig. 31—Schematic diagram showing the addition of input 
emitter followers to reduce the input-bias-current requirements 
of an operational amplifier. 
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The RCA integrated-circuit operational ampli- 
fiers CA3015 and CA3016 are identical in circuit con- 
figuration to the previously announced types CA3008 
and CA3010, but have an improved device breakdown 
voltage that permits operation from +12-volt supplies. 
Operation of the CA3015 and CA3016 from power sup- 
plies of +6 volts or +3 volts is the same as for the 
earlier types.1 This Note describes the operating 
characteristics of the CA3015 and CA3016 at +12 
volts, and discusses applications that take advantage 
of the higher gain-bandwidth product and increased 
output signal swing obtained at the higher voltages. 


OPERATING CHARACTERISTICS 


Fig.1 shows the schematic diagrams and terminal 
numbers for the CA3015 and CA3016. As in the case 
of the CA3008 and CA3010, each operational amplifier 
consists basically of two differential amplifiers and a 
single-ended output circuit in cascade. The CA3015 
is supplied in a12-lead TO-5 package, and the CA3016 
in a 14lead flat package. Throughout this Note, 


terminal numbers for the CA3015 are shown in the 
illustrations; however, the discussion applies to both 
packages. 


DC Characteristics 


When operated from +12-volt power supplies, these 
operational amplifiers have a typical dissipation of 
175 milliwatts with terminal 5 of the CA3015 or ter- 
minal 8 of the CA3016 open. If terminals 5 and 9 of 
the CA3015 or terminals 8 and 12 of the CA3016 are 
shorted, higher output-current capability can be a- 
chieved, but the dissipation increases to a typical 
value of 500 milliwatts. The input offset voltage is 
typically 1.4 millivolts, and the variation in input off- 
set voltage is typically less than 200 microvolts per 
volt for fluctuations of either supply voltage. At 25°C, 
the input bias current and input offset current are 
typically 9.6 and 1 microamperes, respectively. (Curves 
of input offset voltage, input bias current, and input 
offset current as functions of temperature are given 
in the technical bulletin for the CA3015 and CA3016.) 
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Fig.1 - Schematic diagrams and terminal connections for the (a) CA3015 and (b) CA3016 
integrated-circuit operational amplifiers. 
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Derating. When these operational amplifiers are 


operated from + 12-volt supplies with terminals 5 and9 
of the CA3015 or terminals 8 and 12 of the CA3016 
shorted for greater output capability, the power dissi- 
pation is high enough so that temperature derating is 
necessary. The maximum junction-temperature rating 
is 150°C, and the thermal resistance is 100°C per 
watt. The maximum power-dissipation rating is 600 
milliwatts at 25°C (with terminals shorted as described 
above). In this higher-output mode, the circuits can 
operate safely at ambient temperatures up to 90°C. 


AC Characteristics 


Transfer Characteristic. The open-loop transfer 
characteristic is shown in Fig.2. As in the case of 


Voc=—Veg z!2 V 


AMBIENT TEMPERATURE (Tg)=25°C 


OUTPUT VOLTAGE (Voyt)—V 


INPUT VOLTAGE (Vin) —mv 


Fig.2 - Open-loop transfer characteristic. 


the CA3008 and CA3010, there is no hysteresis effect. 
The CA3015 and CA3016 technical bulletin includes 
curves of maximum peak-to-peak voltages as functions 
of load resistance with terminal 5 of the CA3015 or 
terminal 8 of the CA3016 open and with terminals 5 and 
9 of the CA3015 or terminals 8 and 12 of the CA3016 
shorted. The CA3015 and CA3016 can drive a lower- 
resistance load when these terminals are shorted. 


Gain vs Frequency Response. The open-loop 
low-frequency gain of the CA3015 and CA3016 with 
+12-volt supplies is typically 70 dB with a 3-dB 
bandwidth of 320 kHz. The unity-gain crossover 
occurs at a frequency of 58 MHz. 


Common-Mode Rejection. The common-mode rejec- 
tion ratio of the CA3015 and CA3016 is typically 
104 dB for operation with +12-volt supplies. A curve 
of common-mode rejection ratio as a function of fre- 
quency is included in the bulletin. 


Input and Output Impedances. The technical bul- 
letin for the CA3015 and CA3016 includes curves of 
input and output impedances as functions of tempera- 
ture. At 25°C, the typical input impedance is 7800 
ohms. The typical output impedance is 92 ohms with 
terminal 5 of the CA3015 or terminal 8 of the CA3016 
open, and 76 ohms with these terminals connected 
to the output. 


PHASE COMPENSATION 


The following section describes phase-lag and 
phase-lead compensation techniques for these opera- 
tional amplifiers. Fig.3 shows the various phase- 
compensation connections for the CA3015. 
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Fig.3 - Terminal connections for phase-lag and 
phase-lead compensation of the CA3015. 


Phase-Lag Compensation 


When the CA3015 and CA3016 are operated from 
+6-volt supplies, the phase-compensation techniques 
described previously for the CA3008 and CA3010 are 
applicable. | When the CA3015 and CA3016 are opera- 
ted from +12-volt supplies, corrections must be made 
in the phase-lag compensation to allow for the shift 
in frequency at which the second break in the open- 
loop Bode plot occurs. At +12 volts, this second 
break occurs at a frequency of 10 MHz. For Miller- 
effect and conventional phase-lag compensation, the 
series RC combinations must be adjusted so that 
1/(27RC) =10 MHz to correct forthe shift in frequeney. 
In addition, the Miller technique requires a larger 
value of phase-lag capacitance for a non-peaking 
(+1 dB) response to allow for the higher gain. 


Fig.4 shows a curve of the required phase-lag 
capacitance as a function of gain, together with the 
corresponding response curves. (The required capaci- 
tance values shown in this figure are applicable not 
only for +12-volt power supplies, but also for all 
lower-voltage symmetrical supplies; however, smaller 
capacitors could be used at lower voltages. ) 


Fig.5 shows curves of open-loop compensated 
and uncompensated frequency response with +12-volt 
supplies. Although the phase-lag compensation capa- 
citance of 18 picofarads shown in curve (B) of this 
figure is sufficient to provide stability in resistive- 
feedback amplifiers down to unity gain, it is not suffi- 
cient to provide flat closed-loop response (+1 dB) 
below 20 dB. 


Phase-Lead Compensation 


In addition to the standard phase-lag compensa- 
tion discussed above, the CA3015 and CA3016 have a 
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Fig.4 - Amount of phase-lag capacitance required 
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Fig.5 - Open-loop gain as a function of frequency 
for compensated and uncompensated amplifiers. 


phase-lead compensation capability. For this phase- 
lead compensation, a capacitor is connected between 
terminals 7 and 8 of the CA3015, as shown in Fig.3, 
or between terminals 10 and 11 of the CA3016. The 
effect of this capacitor is to eliminate the break at 
10 MHz in the Bode plot and thus extend the 6-dB-per- 
octave roll-off. The second break in the Bode plot 
then occurs at approximately 35 MHz, and the unity- 
gain crossover occurs at 150 MHz. The phase-lead 
compensated open-loop response is shown in curves 
(C) and (D) of Fig.5 for various values of capacitance. 
For optimum performance, a minimum phase-lead capa- 
citance of 47 picofarads is recommended. 


For flat (+1 dB) responses at closed-loop gains 
below 30 dB, a small amount of phase-lag compensa- 
tion is required in addition to the phase-lead compen- 
sation. The required phase-lag capacitance for flat 
(+1 dB) responses and the corresponding response 
curves are shown in Fig.6. When phase-lead compen- 


(43) 


Vec*-VeE=l2 V 
AMBIENT TEMPERATURE (T,)=25°C 
TERMINAL 5 OR TERMINALS 8 OPEN 


20 


REQUIRED PHASE-LAG CAPACITANCE — pF 


O 6 10 20 30 40 
NON-INVERTING GAIN-dB 
eee! Cees es Re de bed 
- 00 OTs 19.1 (ae ig 40 


INVERTING GAIN-—dB 


Voces Vec= l2Vv 
PHASE-LEAD COMPENSATION, 2000 pF 


VOLTAGE GAIN—dB 


2 4 6 8 


4 10 
FREQUENCY —MHz 


Fig.6 - Amount of phase-lag capacitance required 
to obtain a flat (+1 dB) response when phase- 
lead compensation is used, and typical 
response characteristics. 
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sation is used, the series RC combinations should be 
adjusted so that 1/(277RC) = 35 MHz. 


The phase-lead compensation is also applicable 
when +6-volt power supplies are used, and provides a 
unity-gain crossover improvement of about one octave 
as compared to the uncompensated connection. As 
mentioned earlier, the phase-lag capacitance require- 
ment for +12-volt supplies shown in Fig.4 is satis- 
factory for +6-volt supplies, although smaller capaci- 
tors could be used with the lower voltages. 


APPLICATIONS 


For all applications, ac and dc balance at the 
input must be preserved, i.e., the two inputs must be 
returned to ground through equal impedances. 


50-dB Amplifier 


Fig.7 shows the circuit configuration and fre- 
quency response for a non-inverting, 50-dB amplifier 
employing phase-lead compensation. This amplifier 


470pF 


Bente -_ ie 


Fig.7 - Circuit diagram and response curve for a 
50-dB, non-inverting amplifier with phase-lead 
compensation. 


has a 3-dB bandwidth of 3.5 MHz, and a unity-gain 
crossover at 150 MHz. 


10-dB, 42-MHz Amplifier 


Fig.8 shows the circuit diagram and frequency 
response for a 10-dB, non-inverting amplifier employ- 
ing both phase-lead and phase-lag compensation. 
Slight peaking (2 dB) occurs for the phase compensation 
shown. Flat response with bandwidth reduction to 
25 MHz may be obtained by use of a phase-lag capa- 
citance of 15 picofarads. 
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Fig.8 - Circuit diagram and response curve for a 
10-dB, non-inverting amplifier with phase-lead 
and phase-lag compensation. 


Twin-T Bandpass Amplifier 


Fig.9 shows the circuit diagram and frequency 
response of a bandpass amplifier using a twin-T net- 
work in the feedback loop. The difference in resonant 
frequency between the bandpass-amplifier response 
and the twin-T network response is caused by device 
capacitances and loading effects. The unloaded Q 
(Qo) of the twin-T network is 14.4; the Qo of the band- 
pass amplifier is 12.8. 
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Fig.9 - Circuit diagram and response curves for a 
bandpass amplifier using a twin-T network. 


The symmetrical twin-T network can be designed 
by use of the following equations: 


Rj = 2 R2 

C1 = %C2 

fo = V/(27R1C}q) 
It is important in the design of this type of bandpass 
amplifier that the two inputs be returned to ground 


through equal resistances; in this case a value of 
2000 ohms is used. 


20-dB, 10-MHz Bandpass Amplifier 


Fig.10 shows the circuit diagram and frequency 
response of an RLC bandpass amplifier. This ampli- 
fier is designed to have a Qo of about 10 (Rp =Xc Qo 
= 2200 ohms) and a gain of about 20 dB at resonance 
(2200/200 = 11, or 20.9 dB). In this application, 
the inputs are effectively grounded. 


Voltage Follower 


A voltage follower is a non-inverting, unity-gain 
amplifier used primarily to transform from a high im- 
pedance to a low impedance. Because low voltages 
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are usually associated with high-impedance sources, 
the voltage follower need not have a great voltage 
capability. 
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Fig.10 - Circuit diagram and response curve for a 
10-MHz RLC bandpass amplifier. 


Fig.11 shows the circuit diagram for a voltage 
follower using the CA3015, together with a curve of 
maximum undistorted output voltage as a function of 


load resistance. When terminals 5 and 9 are shorted 
(or terminals 8 and 12 of the CA3016), the voltage 
follower is capable of transforming a 3.4-volt peak-to- 
peak voltage from a 100,000-ohm source to a 470-ohm 
load. 


TERMINAL 5 
OPEN 


MAXIMUM UNDISTORTED 
OUTPUT VOLTAGE — V5) 


100 470 1000 4700 10000 
LOAD RESISTANCE — OHMS 
Fig.11 - Circuit diagram for a voltage follower 
driven from a 100,000-ohm source, and curve 
showing maximum undistorted output voltage 
as a function of load resistance. 


If higher voltage-swing capability is desired, the 
positive supply voltage (VCC) may be increased. 
Temperature derating may be necessary, depending on 
the magnitude of VCC and whether the high- or low- 
current mode is used. 
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Integrated-Circuit Operational Amplifiers 


An operational amplifier is basically a very-high- 
gain direct-coupled amplifier which uses feedback for 
control of response characteristics. This circuit can be 
used to synthesize a broad variety of intricate transfer 
functions and thus can be adapted for use in many 
widely diverse applications. The operational amplifier 
is principally used to perform various mathematical 
functions, such as differentiation, integration, analog 
comparisons, and summation. This versatile circuit, 
however, may also be used for numerous other applica- 
tions that have significantly different transfer and re- 
sponse requirements. For example, the same operational 
amplifier may be adapted to provide either the broad, 
flat frequency-gain response required of video amplifiers 
or the peaked responses required of various types of 
shaping amplifiers. 


GENERAL CONSIDERATIONS 


The configuration most commonly used for opera- 
tional amplifiers is a cascade of two differential-ampli- 
fier circuits together with an appropriate output stage. 
The cascaded differential-amplifier stages not only 
fulfill the operational-amplifier requirement for a high- 
gain direct-coupled amplifier circuit, but also provide 
significant advantages with respect to application. 


From an applications standpoint, an operational 
amplifier that has a differential input is much more 
versatile than a single-input type. This increased ver- 
satility results from greater flexibility in selection of 
the feedback configuration. With a single-input opera- 
tional amplifier, only an inverting feedback configuration 
can be employed. When differential inputs are used, the 
feedback configuration may be either an inverting type or 
a noninverting type, which depends on the common-mode 
rejection for its negative feedback. The type of feed- 
back affects the characteristics of an operational ampli- 
fier, and the two types tend to complement each other. 
Because the characteristics of each type are required 
equally often, the differential-input operational amplifier 
is twice as versatile as the single-input type. 


The differential-input operational amplifier is readi- 
ly adapted to integrated-circuit construction techniques 
because the stable dc-amplifier configuration lends itself 
well to the monolithic diffusion process used in the 
fabrication of silicon integrated circuits. In addition, 
symmetrical differential-amplifier stages can be dc-cas- 
caded readily, provided that each stage is driven push- 
pull by the preceding stage. The common-mode effects 
that result from this arrangement make possible stable, 
direct-coupled cascaded. 
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The capabilities and limitations of operational 
amplifiers are firmly defined by a few very simple equa- 
tions and rules, which are based on a certain set of 
criteria that an operational amplifier must meet. Effec- 
tive use of these simple relationships, however, requires 
knowledge of the conditions under which each is appli- 
cable sothat errors that may result from various approxi- 
mations are held to a minimum. This Note explores the 
theory of the design and use of operational amplifiers, 
and develops each pertinent design equation in a general 
way. Evaluations arethen made to determine the assump- 
tions that must be made (or the criteria the operational 
amplifier must meet) to reduce these general equations 
to classical operational-amplifier design equations. 


Frequency instabilities in the operational amplifier 
and the methods used to prevent them are also discussed. 
A thorough understanding of the principles of frequency 
stability is imperative to the successful application of 
operational amplifiers. The basic concepts and techni- 
ques involved in phase compensation (frequency stabili- 
zation) are explained in terms of (1) basic frequency- 
stability requirements, (2) the problems that may result 
from an uncontrolled frequency response, and (3) the 
techniques that may be used to correct these undesirable 
effects. 


Finally, the basic criteria for an operational ampli- 
fier are given. This discussion is placed last because 
a basic insight to the theory of application is required 
before the effects of many of the operational-amplifier 
requirements can be fully appreciated. 


BASIC THEORY OF OPERATIONAL AMPLIFIERS 


In the development of the basic equations and 
concepts associated with the use of operational ampli- 
fiers, the precise formulations for the transfer functions, 
the input impedances, the output impedances, and the 
loop gains are presented for both the inverting and the 
noninverting feedback configurations, and classical 
design equations are then derived from these precise 
formulations. The effects of the load impedance and 
of common-mode gain (or common-mode rejection) on 
the inverting and noninverting feedback configurations 
are considered separately. 


Inverting Feedback Configuration 


An operational amplifier operated with an inverting 
feedback configuration is shown in Fig.l. The load 
resistor Ry, is assumed to be large enough so that its 
effect on the transfer characteristic is negligible, i.e., 
lour =0. (The effects of a finite R;, are investigated 
and evaluated subsequently in the discussion of the 
equivalent-circuit model of an operational amplifier.) 


Certain differential-input operational amplifiers re- 
quire a significant flow of bias current at each input. 
For this condition, the de paths to ground for each input 


must be equal so that a minimum dc offset voltage (error) 
is developed at the output. Thus, for the terminology 
employed in Fig.1, R; must equal the parallel combina- 
tion of Z,(w =0) with the series combination of Z {aw =0) — 
and Zo;(w =0). 


In the circuit of Fig.1, the drive-source impedance 
affects the feedback in the inverting configuration and, 
therefore, must be considered part of the Z, term. For 
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Fig.1 - Inverting-feedback operational-amplifier 
configuration. 


brevity, the symbol Z, is defined to include the source 
impedance as well as certain feedback design elements. 
The impedances Z; and Zo; are the open-loop intrinsic 
input and output impedances of the operational amplifier. 
Ordinarily, these impedances are assumed in the ampli- 
fier symbol. In Fig.1, however, they are identified to 
emphasize their importance in the ensuing equations. 
The term A,(w) is the open-loop differential voltage gain 
of the operational amplifier; this parameter is frequency- 
dependent. The terminals on the operational-amplifier 
symbol labled minus (—) and plus (+) refer to the invert- — 
ing and noninverting input, respectively. 


Inverting-Configuration Transfer Function — The 
transfer function or closed-loop gain of an operational 
amplifier is generally considered to express the relation- 
ship between the input and output voltages. (It is rela- 
tively simple to convert the voltage transfer function to 
another desired transfer relationship.) In the derivation 
of the transfer function for the schematic in Fig.1, the 
following differential-amplifier relationship is used as 
the starting point: 

Vo, = —Ao(w) (Ve — Vi) (1) 


where V, and V;, are defined as follows: 


y= Nin Zito) AUR) 
‘ Z, + (Zi+Zo;)Z(Zit+Re) 
VG; Z,Z (Zi+R,) 
Zt + Zo; + Z, 7 (Zi +R) (2) 


and 
Vi = Vi R,/(Zi + R,) (3) 
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(In these and subsequent equations, the load resistor 
Rx, is assumed to approach infinity.) 


If the expressions for V. and Vj given by Eqs. (2) 
and (3) are substituted in Eq. (1), the resulting expres- 
sion can be simplified as follows: 

Voi = 
—A.(w) Zi (Zs+Zo;) Vin 
(Z:+Zo;) (Zi +R,)+Z, (Zi +Zo;+ZitR,)+Ao(w)Zi fe 
(4) 


The output voltage Voyr is expressed in terms of 
Vo, and Vn by the following equation: 


Vo, (Ze + Z,A(Z; + R-)] 
Zo; + Zt + Z,A (Zi + Rr) 
Vin Zo; (Zt + Zoi) A (Zi + Rr) 
(Zt + Zo) (Zr. + (Zt + Zoi)A(Zi + Re)] (5) 


Vour = 


With Vo, defined as indicated by Eq. (4), the accurate 
equation for the transfer response (for Ry, ~™) becomes 


Vout _ 


Vin 


Zoi (Z;+R,) a A.(w) Z; Zi 
(Zi: +Z.;) (Zi +R,) + Z,(Zr+Zo;+ZitR,) + A,(w) ZZ, (6) 


If Z; is assumed to be much greater than the combina- 
tion of Z, in parallel with Zr + Zoi, and if Zoj is assum- 
ed to be much smaller than Zr, then the closed-loop gain 
(or transfer function) may be expressed as follows: 


oe — A.(w) Zt 
Vin Zt sig Z; — A.(w) Zy (7) 


Vour . 


In addition, if the open-loop gain A,(w) is the dominant 
term in either Eq. (6) or (7), the transfer-function equa- 
tion for the imverting configuration simplifies to the 
following familiar expression: 


Vour A.(w)— oo bu Zs 
Vin Z, (8) 


Eq. (8) is considered to be the classical or ideal 
expression for the closed-loop gain (transfer function) 
for an operational amplifier that uses the inverting type 
of feedback configuration. 


The difference between the open-loop gain and the 
closed-loop gain is in itself an important design para- 
meter. This “gain throwaway”, which is known as the 
loop gain L.G., is defined by the following equation: 


Te civic 2ben-loop gain, Ad(w), 


Vour 


Vin (9) 


closed-loop gain, 


When the transfer function is given by Eq. (7), the 
loop-gain equation may be written as follows: 


Z:+Z,  A,(w) 
Zs Zt 
Z; (10) 


L. G. = 


Moreover, when the open-loop gain is very large, the 
inverting loop gain canbe considered tobe the open-loop 
gain divided by the ideal inverting closed-loop gain. 
The equation for L.G. then becomes 


. —Ao(w) 


Ze 
Zi (11) 


HAS? 


The loop-gain parameter can be used to predict the 
accuracy of the approximate operational-amplifier rela- 
tionships. In general, the higher the loop gain, the more 
accurate the results provided by the approximate (or 
classical) relationships. This correlation is demonstrat- 
ed in Table I, which compares values of VoyuT/VIN 
obtained from the precise transfer expression, Eq. (6), 


Table I — Comparison of Precise and Approximate 
Formulas for Closed-Loop Gain (Inverting Configuration) 


Conditions: Ao(w) = 1000 /0°, Z1 = 15,000 /0°, Zo, = 200 /0°, Zr = 1000 /0°. 


Vout/Vin 

Zz /0° Vour/Vin from Eq. (6) Error L.G. 
(ohms) (dB) (dB) (dB) (dB) 
200,000 46.0 44.3 1.70 14.0 
100,000 40.0 39.1 0.90 20.0 
30,000 29.6 29.3 0.30 30.4 
10,000 20.0 19.9 0.10 40.0 
2,000 6.03 6.0 0.03 54.0 


with values obtained from the classical approximation, 
Eq.(8), for various gain settings. The tabular data show 
that the classical equation is accurate to within 1 dB 
provided the loop gain is at least 20 dB. Eq. (11) was 
used to calculate all of the loop-gain values given in 
the table. 


Inverting-Configuration Input Impedance, Z1n — The 
input impedance Zn for the inverting-feedback con- 
figuration of an operational amplifier, shown in Fig.1, 
can be expressed as follows: 


Vin 
rcs aN 
pie tae (12) 
where “i Neca 
ii Z. (13) 
Therefore, 
fae = —t_ 
Tat Ve 
Vin (14) 
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The ratio V./VIn may be determined by substitut- 
ing the expression for Vo, given by Eq. (4) into Eq. (2) 
and dividing through by V{n (with Ry, ~©.) The result- 
ant equation is then simplified to obtain the following 
relationship: 


(Zt+-Zo;) (Zi + R,) 

Zr (Zit Zoit Zit Rr) +(Z:+Zo;) (Zi +Re) + Ao(w)Zi Z, 

(15) 

If this expression for V/V |N is substituted into Kq.(14), 

the result can be simplified to obtain the following 

precise expression for the closed-loop input impedance: 
Ziw = Z, + 

Zr (Zo; Zi + Zo; Re + ZeRr + Ze Zi) 
Le (Zs +Z.;+Zi) ae Ry (Zr Zo;) = Ao(w)Zi Zr 


(16) 


If A,(w) is dominant and Zo; is small, Eq. (16) 
reduces to 
4“: (Zi + R,) 


Z N = Z, sai 
gn ReteeZn 


(17) 


A further simplification is possible when R, is much 
smaller than Z;, which is a common condition. In this 
case, the equation for the input impedance becomes 

Zi 


Zin = Z: =e i 
A.(w) 


(18) 


Eqs. (17) and (18), which are important in voltage- 
summing or scaling-adder* applications, can be used to 
predict the degree of interaction among multiple inputs. 


When A,(w) is large enough, Eqs. (17) and (18) may 
be rewritten as follows: 


A.(w)— & 
Zn ==  Z, (19) 

Eq. (19) is the “classical” equation for the input 
impedance of an operational amplifier when an inverting- 
feedback configuration is used. This equation, together 
with Eq. (16), implies the existence of a condition known 
as a virtual ground at the node-assigned voltage V, 
(shown in Fig.1). That is, the node is at ground poten- 
tial even though there is no electrical connection be- 
tween this point and ground. [This statement can be 
verified either intuitively by the use of Eq. (19) or 
directly if A,(«) is assumed to be infinite in Eq.(15).] 
Moreover, no current flows into the negative terminal 
of the amplifier when the open-loop gain is infinite 
because the voltage V. is zero while the impedance at 


*A scaling adder is an inverting operational-amplifier con- 
figuration which weights and sums multiple voltages. 


the negative terminal (i.e., Z; + R,) is not zero. The 
concept of a virtual ground leads to an extremely simple 
three-step analysis procedure for an inverting opera- 
tional-amplifier configuration. 


1. Because of the virtual ground (V, =0), the input 
current Iyy and feedback current I, can be defined 
as follows: 


ys 
Z, (20) 
iF, 4 —Vour | 
Zs (21) 


2. Zero current flow into the inverting terminal 
(V. =0) indicates the following relationships: 


lin = It (22) 
Vin _ —Vovr 
Lie Zr (23) 
3. Eq. (23) can then be rewritten to obtain the 
classical gain equation, as follows: 
Vour_ _ 4 
Vin Z, (24) © 


Although the foregoing analysis is certainly an 
idealized one, it is nevertheless practical because the 
required approximations are usually valid. Eq. (15) 
serves as a measure of the deviation from a true virtual 
ground. 

Inverting-Configuration Output Impedance, ZOUT — 
The closed-loop output impedance is the ratio of the 
unloaded output voltage Voy to the short-circuit out- 
put current Ioy 7 as follows: 


a Vout (Ri — o) 
lour (Ri 7g 0) 


Zour 


It is apparent from Fig.] then that the output current — 


Iour is given by 


—A.(w) (Ve — Vi) 


I Ri— 0) = 
our (Ry ) Z,. 


(26) 


If the expression given by Eq. (3) is substituted for V;, 
Eq. (26) can be rewritten as follows: 


= Ag(w) ai. Ve 


I Ry, — 0) = 
quni\ Bien” Dy Sia (Zi + R,) 


(27) 


Under short-circuit conditions (Ry, = 0), the voltage V, 
in terms of Vyn is given by 


V. = 


Vin 2:4 (Zit Rr) = 
Z, + Z:A (Zit Rr) 


Vin Z; (Zi +R) 
Z, (Zr +Zi +R.) + Zs: (Zit+R-) (28) 


(25) — 


Therefore, Igy 7 (at Ry, = 0) can be expressed in terms 
of Vn as follows: 


eet Ase) Zi LeVin ST OT 
Zo; (Zr (Ze +ZitRr) + Ze (Zit+R,)] 


lout = 


(29) 


If this expression for Io9y7 is substituted in Eq. (25) 
and consideration is given to the intransience of Vyy 
in going from an unloaded to a fully loaded condition, 
the equation for Zoyy becomes 


Zout = 


Zo; (Zr (Ze+ZitR,) + Zs (Zit+R,)] (Fez) 
—A, (w) Zi Zr Vin / (30) 


Finally, the desired equation for the closed-loop output 
impedance is obtained if the expression for VoyT/VIN 
given by Eq. (6) is substituted into Eq. (30), as follows: 
Zout= 
ZoilZr(Ze+ZitRr)+Z:(Zi+R,)] 
4 [A.(w)ZiZ1— Zo;(Zi tRe)] 
A.(w)ZiZe[Z,(Zi+Z5,+Zit+Rr) + 

(Zi: +Z,.;)(ZitR,) +Ao(w)ZiZ-] 

(31) 

If the open-loop gain term A,(w) is dominant, Eq. (31) 
simplifies to 


5) Zo; (Zr (Zt + Zi + Rr) + Ze (Zi + Re)] 
Ao) Zee 


Zour 


(32) 


This expression for Zoyy does not simplify to its 
“classical” equation unless Z; is dominant also; in this 
case, Eq. (32) becomes 


Zour = Loi 


(33) 


The assumption that Z; is a dominant term is not always 
valid, especially if bipolar transistor inputs are employ- 
ed. Eq. (32), therefore, may be considered to take 
precedence over Eq. (33). 


Noninverting Feedback Configuration 


Fig.2 shows the general circuit for an operational 
amplifier operated with a noninverting feedback con- 
figuration. In this section, the equations for the transfer 
function and the closed-loop input impedance for this 
type of operational-amplifier circuit are derived. These 
derivations, as did those for the inverting circuit, as- 
sume that the load resistor Ry, is large enough so that 
its effect is negligible, i.e., RL, ~© and Ioy7 = 0. (The 
effects of a finite load resistance on the noninverting 
operational amplifier are evaluated in the discussion of 
the equivalent-circuit model of an operational amplifier.) 
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A noninverting operational amplifier, unlike the 
inverting type, requires a differential-input arrangement 
because it uses the common-mode effect in its feedback 


Fig.2 - Noninverting-feedback operational-amplifier 
configuration. 


scheme. The following basic requirements and defini- 

tions that apply to the inverting circuit shown in Fig.1 

are also valid for the general noninverting circuit of 
Fig.2: 

1. The de return paths to ground for the two inputs 

must be equal and finite for amplifiers that re- 

quire a significant amount of input bias current. 


2. The input and output impedances, Z; and Z,., 
are inherent in the basic amplifier unit and are 
shown on the diagram to emphasize their impor- 
tance in the relationships to be derived. 


3. The open-loop gain is frequency-dependent and 
is represented by the symbol A,(w). 


4. The plus and minus labels on the input terminals 
designate the noninverting and inverting termi- 
nals, respectively. 


In the noninverting circuit, however, the source imped- 
ance is included in the passive element R, rather than 
the frequency-dependent parameter Z,;, as in the invert- 
ing circuit. 


Noninverting-Configuration Transfer Function — 
As with the inverting circuit, the transfer function de- 
veloped for the noninverting operational amplifier shows 
the relationship between the input and output voltages. 
It is relatively simple to convert this relationship to 
another type of transfer function. 


When the load resistor Ry, approaches infinity, the 
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output voltage Voy for the general circuit shown in 
Fig.2 can be expressed as follows: 


Vo; (Zr +Z;Z (Zi t+R,)] 
Lo,+Z:+Z,Z (Zit+R,) 
Vin Zo; (ZZ (Zi +Zo;)| 
(Zi+Zo;) (Zi t+R:+Z,A(Zit+Zo;) (34) 


Vour zs 


Eq. (34) may be rewritten in the following form: 
Vour = 
Voy (Zt (Zr +Zi +R) + Z, (Zi t+R,)] + Z, Zo; Vin 
(Zi t+R,) (Zr+Zs+Zo;) + Zr (Ze+Zo;) (35) 


The voltage Vo, is defined by the differential-gain 
expression, as follows: 


Ver = A,(w) (V; aa Vey (36) 


where Vj; is the source voltage V1y less the voltage drop 
across R,;, as given by 


Vi = Vin — Im R, (37) 
where voy. 
Zi (38) 


Tin al 


The voltage Vj, given by Eq. (37), can now be expressed 
in terms of the voltages Vjy and V,, as follows: 


Vices Zi Vin + R, Ve 
Zi +R, (39) 


It can be determined from Fig.2 that, when Ry, 
approaches infinity, the voltage V, is given by the 
following equation: 


V.= 
Voi Z, 7 (Zi +R,) 
L8; + Zs = S Z,7 (Zit+R,) 


Vin ZA (Zi+Zo;) 
Zi + R; + Z, J (Z:+Zo;) 
(40) 


If the relationships for V,, and Vj; given by Kas. 
(36) and (39), respectively, are used, V, can be express- 
ed solely in terms of Vyx, as shown by the following 
equation: 

V.= 
(Z, Zt + Zr Bis + A.(w) Zi Z;) Vin 
(Zi +R,) (Z,+Z:+Zo;) + 1h (Zt+Zo;) + A.(w) Zi Zr 


(41) 


Eqs. (36), (39), and (41) are now used to express Vo, in 
terms of Vyn, as follows: 


Voie 
Ao(w) Zi (Zr +Z:+Zo;) Vin 
(Z;+R,) (Zi +Zs+Zo;) Ss Zr (Z:+Z;) + Ao(w) Zi Z; (42) 


If this expression for Vo, is substituted into Eq. (35), 
the new equation that results can be simplified and 
divided through by Vn to obtain the desired transfer 
function, as follows: 


Vour _ 
Vin 

Zr Zo, + Ao(w) Zi (Zr+Z1) 
(Zit+Ry) (Zr+Zr+Zo,) + Zr (Zi+Zo;) + Ao(w) Zi Z, (43) — 


The transfer function that is usually associated 
with the noninverting feedback configuration of an opera- 
tional amplifier can be derived from Eq. (43) if the 
impedance Zo; is assumed to be zero and the impedance 
Z; is assumed to be very high. When these assumptions 
are made, Eq. (43) becomes 


a (Z,+2Zr) A.(w) 
Vin (Z,+Z:) + Z, Ao(w) (44) 


Vour : 


Eq. (44) may be rewritten as follows: 


Vout “2 A.(w) 
Vin A.(w) i 
a ee Tree 0 (45) 


If the term A,(w) is dominant in Eq. (45), the fol- 
lowing “classical” expression for the noninverting 
transfer response results: 


Vout Ao(w) > © Zs 
Vin Zr (46) 


The term 1 + Z¢/Z, represents the closed-loop gain for 
the ideal noninverting configuration. This term, which 
is referred to as the ideal feedback characteristic, is 
basic to operational-amplifier frequency-stabilization 
theory. 


As might be expected, the loop gain of an opera- 
tional amplifier is defined in the same way [by Eq. (9)] 
regardless of the type of feedback configuration. Under 
the conditions for which Eq. (45) is a valid expression 
for the transfer response, the loop gain for the non- 
inverting configuration is given by 


f 
Lar (47) 


If the second term of Eq. (47) is very large, this equa- 
tion reduces to 


Z; (48) 


Table II compares the values calculated from the 
precise and the approximate expressions [Eqs. (43) and 
(46), respectively] for the closed-loop gain of the non- 
inverting operational-amplifier configuration. The 
approximate formula is accurate to within 1 dB provided 


Table II — Comparison of Precise and Approximate 
Formulas for Closed-Loop Gain 
(Noninverting Configuration) 


Conditions: Ao(w) = 1000 /0°, Z1 = 15,000 /0°, Zo, = 200 /0°, Zr = 1000 /0° 


Zr (0° from €4, (46 from £4. (23) Error ‘Ea. (48) 
(chins) Aele TWiail om (dB) _(aB) “dB) 
199,000 46.0 44.3 1.70 14.0 
99,000 40.0 39.1 0.90 20.0 
29,000 29.6 29.3 0.30 30.4 
9,000 20.0 19.9 0.10 40.0 
1,000 6.03 6.0 0.03 54.0 


the loop gain is 20dB or more. A comparison of Tables I 
and II shows that the error introduced by the use of the 
classical gain formula for the noninverting configuration 
[Eq. (46)] is identical to that introduced by the use of 
the classical gain formula for the inverting configuration 
[Eq. (8)]. 


Noninverting-Configuration Input Impedance, Zij — 
The following equation gives the basic definition of 
the input impedance Zyn: 


In (49) 


It can be readily determined from Fig.2 that the input 
current I;j is given by 


Vin in V. 
Zi + R, (50) 


In a 


When this relationship is applied in Eq. (49), the ex- 
pression for the noninverting input impedance becomes 


Zi r 
2 Penn Me 
eave 

Vin (51) 


If the expression for the ratio of V./V Nn, given pre- 
viously by Eq. (41), is substituted into Eq. (51), the 
result can be simplified to obtain the following precise 
expression for the input impedance (for Ry, ~ ©): 
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Bang, Me aa ee ae ol) 
Z, + Zt + Zo; (52) 
For the case where Z; is dominant and Zj is small, 
Eq. (52) reduces to 
Zin = Z; + Ad(w) Zi 
pet 
Z (53) 


The following expression for the input impedance results 
if A,(w) is also considered dominant: 


Z; (54) 


Eq. (54) states that the noninverting input imped- 
ance is equal to the intrinsic input impedance Z; multi- 
plied by the loop gain. 


Noninverting-Configuration Output Impedance, ZoutT- 
As in the inverting configuration, the closed-loop output 
impedance for the noninverting configuration is defined 
as the ratio of the open-circuit output voltage, Voy, 
to the short-circuit output current, Ioy7, as follows: 


Vout (Ri “Ti  ) 
Iour (Ri — 0) (55) 


Zour = 
where 
A.(w) (Vi — Ve) 


Iour (Ri > 0) = Z (56) 


For the general noninverting operational-amplifier con- 
figuration, the voltages V; and V, are given by the 
following equations for the conditions indicated: 


Vin (Zi + Z:Z72Z1) 
R,+Z2,+Z2,4Z; (57) 


Vs Re 0) = ae 
Re + Zit Z77Zi 458) 


Vi (Runn 0) 


and 
On the basis of the relationships expressed by 
Eqs. (57) and (58), Eq. (56) may be rewritten as follows: 


A.(w) Vin Zi (Zr + Zt) 


I R UO)! al onverer wcll ieenin Ae 
our (Ri — 0) Zo; ((Zr + Zt) (Rr + Zi) + ZZ] (59) 


The output impedance Zoy7 then becomes 


rex Z, Zt sr (Z, + Z:) (Ki + Zi) Vour 
Zour = Zo; | ———- > on 


Ao(w) Zi (Z, nt Zt) Vin 
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Finally, the following precise equation for the output 
impedance Zour is obtained when the ratio for VoyT/ 
VIN is replaced by its impedance equivalent, as given 
by Eq. (43): 


Zo; ((Zr+ Zt) (Rr+Zi) + Z,Ze] 
Ao(w) Zi(Z, + Zr) 
(Zi t+Rr)(Zr+Ze+ Zoi) + Zr (Zt+ Zo) + Ao(w) Zi Zr: 


Zour = 


(61) 
If A,(w) is dominant, then Eq. (61) becomes 
: a. Ly Le lhe 24) Ree te Za) 
ZLovut = Lo; op = ae Ee Se ca ee eT ae, 
A.(w) Zi Z, (62) 


The expression for the closed-loop output impedance 
does not revert to its classical form unless both the 
intrinsic input impedance Z; and the open-loop gain 
Ao(w) are very large. Under such conditions, the equa- 
tion for the output impedance reduces to 


Zi 
Listiter 


A.(w) 


Zour = Zo; 


(63) 


This classical expression indicates that the output 
impedance of the noninverting configuration is equal to 
the intrinsic output impedance Zo; divided by the loop 
gain. It should be noted that the classical expressions 
for the closed-loop output impedances for the inverting 
and noninverting configurations [Eq. (33) and (63), 
respectively] are identical. 


Equivalent-Circuit Model of a Closed-Loop 
Operational Amplifier 


Fig.3 shows the equivalent circuit of a closed-loop 
operational amplifier. This equivalent circuit is valid 
for either the inverting or the noninverting configuration. 
In the inverting configuration, Z, is used to represent 


ZIN (Vout/ Yin) Vin 


AMPLIFIER WITH FEEDBACK 


Fig.3 - Equivalent-circuit model of a closed-loop opera- 
tional amplifier. 


the impedance in series with the closed-loop input im- 
pedance Zyj. In the noninverting configuration, term 


Z, is replaced by R; to show that the components thus © 
represented are independent of frequency. The closed- 
loop input and output impedances (Zjx and Zoyq, re- — 
spectively) and the transfer function Voy7/VIn were 

defined previously. 


Effect of a Finite Load Impedance on Operational- 
Amplifier Characteristics —One of the important features 
of the equivalent-circuit model is that it accurately 
accounts for the effects of a finite load impedance, Ry. — 
For example, if a 2000-ohm load impedance is used on ~ 
the 46-dB (approximate) inverting amplifier for which 
data are given in Table I, the equation for the transfer 
response must be modified as follows: 


a} 
oa Vintn 


Ri + Zour 


Vour 


(64) 


If Eq. (6) is used to determine the value of Voy7/Vin 

and Eq. (30) is used to determine the value of Zoyr, — 
the transfer-function ratio for an Ry, of 2000 ohms can — 
be calculated from Eq. (64) as follows: 


Vour - 


yf ( 2000 ohms ) Re 
Vin 37.4 ohms + 2000 ohms 


(65) 


Thus, a ratio of 44.15 dB is obtained, as compared to — 
44.3 dB for an open-circuit load. Similarly, if a 2000- 
ohm load is used for the 6-dB amplifier, the gain be- 
comes 5.98 dB, as compared to 6 dB indicated in Table I 
for an open-circuit load. The error in neglecting a 
2000-ohm load, therefore, is 0.15 dB for the 46-dB © 
amplifier and only 0.02 dB for the 6-dB amplifier (for — 
the conditions given in Table I). 


Effect of the Common Mode Gain (CMG) on Opera- 
tional-Amplifier Characteristics — In the developments 
of the basic equations for the inverting and noninverting 
feedback configurations of the operational amplifier, it 
was tacitly assumed that the common-mode gain was 
essentially zero (infinite attenuation). The common- 
mode gain is defined as the ratio of the output voltage, 
Vout; to the input voltages, Vj; and V,, when Vj and 
Ve are identical in amplitude and phase. The validity 
of this assumption is considered separately in this 
section because the basic feedback equations become 
burdensome when common-mode effects are included. 
As a result, the salient features of these equations 
become obscured. 

An examination of Figs. 1 and 2 shows that, in 
either the inverting or noninverting configuration, the — 
differential gain acts on the difference between the 
voltages V; and V,. On the other hand, the common- 
mode gain acts on those portions of V; and V, that are 
in phase and identical in magnitude. That is, the com- 


mon-mode gain acts on the smaller of the two in-phase 
signals (V; or V,). In the inverting configuration V; 
is less than V., but in the noninverting configuration 
V; is greater than V.. These conditions are reflected 
by the output-voltage equations when the effects of the 
common-mode gain (CMG) are considered, as follows: 


1. For the inverting configuration, 
Vo, = Ac (w) (Vi — Ve) — (CMG) (Vi) (66) 
2. For the noninverting configuration, 


Vo, = Ao (w) (Vi — Ve) —(CMG)(V.) (67) 


If these two equations are developed further, the 
following gain expressions are obtained for Lig Nes 0 
(1.e., V be =VourT): 


1. For the inverting configuration, 


Vour _ 


Vin 


—A,(w) Z; Z; — (CMG) R, Zr 
Zr (Zi: +Zi+R,)+Zs (Zi +R,) 
+7; Zy Ao(w) +R, Z,; (CMG) 
(68) 


2. For the noninverting configuration, 
Vour _ 
Vin 

A.(w) Zi (Z; + Zs) — (CMG) Z, Ze 


(Zr+Z:) (Rr+Zi) +Z, Zt 
+A,.(w) Zi Z,+(CMG) Z, (Zi +R;) 
(69) 


In each case, the criteria for the common-mode gain, 
CMG, to be negligible compared to the open-loop gain, 
A,(w), are as follows: 


1. For the inverting configuration, 


omg « Ae) 4 

Ry (70) 
2. For the noninverting configuration, 
CMG « Sele) 4 

Viea we leis (71) 


Eq. (68) or inequality (70) shows that the gain of 
an inverting configuration is not affected by the common- 
mode gain when the input impedance Vj; is assumed to 
be infinite. However, when this same assumption is 
made for a noninverting configuration, the gain is de- 
pendent upon the common-mode gain provided the open- 
loop gain is finite. 


Inequalities (70) and (71) may be given in terms of 
the common-mode rejection, CMR, which is the open- 
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loop gain, A,(w), divided by the common-mode gain, 


CMG. The following inequalities are then obtained: 
1. For the inverting configuration, 


CMR » o 
Zi (72) 
2. For the noninverting configuration, 
CMR » E eratts é 
Zi (73) 


Neither of these inequalities places a stringent 
restriction on common-mode rejection. 


FEEDBACK PHASE SHIFTS IN OPERATIONAL 
AMPLIFIERS 


In an operational amplifier, as in any other feed- 
back amplifier, the phase of the feedback must be con- 
trolled to assure that the design is stable with frequency 
and that the desired gain-frequency response is obtained. 
Fig.4 shows the gain and phase characteristics as 
functions of frequency for a typical 60-dB operational 
amplifier in which no phase-compensation techniques 
are employed. Over the frequency range shown, the 
change in the phase of the feedback is substantially 
greater than 180 degrees. This phase response indicates 
that a low-frequency negative feedback can become 
positive and cause the amplifier to be unstable at high 
frequencies unless phase-compensation methods are 
employed to stabilize and control the response of the 
amplifier. 


Effect of Excessive Phase Shift on Frequency Stability 


The transfer equation for the inverting configura- 
tion, Eq. (7), can be rearranged so that it reflects the 
same classical feedback form as that for the noninvert- 
ing configuration, given by Eq. (45). These equations, 
which are based on the assumptions that Z; approaches 
infinity and Z,; is zero, are repeated below for con- 
venience: 


1. For the inverting configuration, 


Yoor (tf =A 
Vix Z: + R, 


2. For the noninverting configuration, 


Vour Ao (@) : 
Viwieiog bale). 
Zs 

es Z,. 
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Fig.4 - Gain and phase response of an open-loop opera- 
tional amplifier operated without phase compensation. 


If the phase angle of the feedback term, A,(w)/ 
(1 + Z,/Z,), reaches 180 degrees (not asymptotically) 
while the magnitude of the term is still unity or greater, 
oscillations will occur. [If the term is greater than 
unity, the oscillations will build until limiting occurs. 
This limiting decreases A,(w), and thus the entire feed- 
back term, until unity magnitude at a phase angle of 
180 degrees is achieved.] These unstable conditions 
can be predicted readily. Fig.5 shows a superposition 
of the gain-frequency curve shown in Fig.4 on several 


| =20dB/DECADE OR 6dB/OCTAVE 
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FREQUENCY 


Fig.5 - Open-loop response and stability characteristics 
of an operational amplifier. 


sample plots of the ideal feedback characteristic, as 
given by 1 + Zs/Z, when Zr and Z, are purely resistive. 
Because the crucial frequency for a purely resistive 
feedback network is that at which A,(w) has a phase 
angle of 180 degrees, the magnitude of A,(w)/(1 + Z¢/Z,) 
at this frequency (f;g9) determines whether the con- 
figuration is stable. If Ao(fjgo)/(1 + Z/Z,) is equal 
to or greater than unity, the configuration is unstable. 


On the other hand, if this term is less than unity, then 
the configuration is stable. This stability-determina- 
tion technique is applied to the various values of 1 t+ 
Z,/Z, shown in Fig.5; in each case, the gain of the 
amplifier at the frequency for which the phase angle is 
180 degrees is assumed to be 10 li.e., Ao(fjgo) = 10). 


When 1 + Zp/Z, = 100/09, the stability ratio is 
calculated as follows: 


Ao(fiso) _ 10/180" _ 6.10/180° 
Zi 
1+7' 


100/ 0° 


Because the value of 0.10 obtained for the stability 
ratio is less than unity, the configuration is stable. 


When 1 + Z,/Z, = 10.0/0°, the stability ratio be- 
comes 


Ao(fiso) _ 10/180" _ | 9/1899 
Ze» 10 OF oe 


Z, 


For this case, the stability ratio is unity, and the con- 
figuration therefore, is unstable. As a check, an ex- 
amination of the transfer expressions for both the 
inverting and the noninverting configuration [Eqs. (7) 
and (45)] reveals that for the condition specified, each 
contains the following term: 


I 
1 + 1/180° 


which is not finite and, therefore, indicates an oscillat- 
ing condition. 


When 1 + Z;/Z, = 4.0/0°, 


Ao(fiso) — 2.50/180° 


10/180° 
= ae 


ee TR 


The value obtained is greater than unity, and the circuit, 
therefore, is unstable. 


When Zr and Z, are not restricted to purely resis- 
tive values, a more general situation exists because 
the phase of A,(w)/(1 + Z,/Z,) is no longer dependent 
solely upon A,(w).. Two examples which essentially 
cover the field are given below. 


Example No.1] — A characteristic of differentiating 
or peaking circuits is that the feedback term 1 + Z,/Z, 
is in the form K(1 + jf/f1), where K and f, are constants. 
Fig.6 shows a curve of this term as a function of fre- 
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Fig.6 - Basic peaking response characteristics of an 
operational amplifier. 


quency, for K = 10 and f, = 0.1 MHz, superimposed 
upon an operational-amplifier open-loop transfer curve. 
The equation for the open-loop characteristic can be 
derived from Fig.5, as follows: 


A.(w) = 
1000 


sian rip ous 
(1 TI99 at) (1 T15 oie (1 vd ariel (74) 


The frequency at which the stability ratio A,(w)/1 + 
Z;/Z, has a phase angle of 180 degrees and the magni- 
tude of the ratio for this frequency can then be calculat- 
ed. The computation reveals that the phase angle is 
180 degrees at a frequency (f1g9) of 0.746 MHz, and the 
magnitude of the ratio is 3.22 at that frequency. The 


stability ratio is greater than one; therefore, the con- 
figuration is unstable. The point of instability (f1g9) 
is marked in Fig.6. 


The stability of an operational amplifier may be 
determined more easily from an estimate of the phase 
angle of the ratio A,(w)/(1 + Z,/Z,) at the frequency 
of intersection (where the magnitude of the ratio is 
unity). If the estimate shows that the phase angle is 
less than 180 degrees, the configuration is stable. On 
the other hand, if the estimate indicates a phase angle 
in excess of 180 degrees, the circuit is unstable. When 
the estimate shows that the phase angle is near 180 
degrees, an accurate calculation is required to deter- 
mine whether the operational amplifier is stable. This 
border-line type of configuration, however, is generally 
undesirable from the standpoint of frequency response, 
as discussed later. 


In the application of the estimation technique to the 
problem presented in Fig.6, the following conditions 
should be noted: The feedback characteristic 1 + Z/Z, 
increases at the rate of 6 dB per octave (20 dB per 
decade) for a full decade before it intersects the open- 
loop response, A,(w). The intersection occurs near 
the second corner of the open-loop response, which 
decreases at the rate of 6 dB per octave for almost a 
full decade. The classical phase relationships associat- 
ed with these observations are used to obtainthe follow- 
ing phase estimates: 


Phase of (1 + Z;/Z,) = +90° 
—135°< Phase of A,(w)< —90° 


Therefore, the following phase estimate is obtained at 
the frequency of the intersection: 


—225° < Phase of A,(w)/(1 + Z:/Z,) < — 180° 


Thus, the configuration is unstable. 


Example No.2 — An inherent characteristic of in- 
tegrating or band-limiting configurations is that the 
feedback term 1 + Z¢/Z, has the following form: 


— I — 
1+ jf/fy 


An example of this type of feedback characteristic is 
shown in Fig.7 for K =10 and fj =4 MHz. The applica- 
tion of the phase-estimation technique to this problem 
results in the following estimates: 


—45")> Phase. of Lah Zr/iZ, >) =-90° 
= 135° Phase of Aj(o) -.o225., 


At the frequency of intersection, therefore, the phase 
estimate is given by 


—45° > Phase of A,(w)/(1 + Z;/Z,) > —180° 
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Thus, the configuration is stable. 

If the three basic types of feedback characteristics 
shown in Figs.5, 6, and 7 are compared, it becomes 
evident that the differentiating or frequency-peaking 
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Fig.7 - Basic integrating response characteristics of an 
operational amplifier. 


configuration is the most unstable and that the integrat- 
ing or low-pass configuration is the most stable. In 
fact, the techniques used to devise this latter configura- 
tion may be considered a form of phase compensation 
for certain situations, as discussed later. 


Effects of Excessive Phase-Shift on Frequency Response 


The criterion evolved for frequency stability neither 
precludes uncontrolled frequency peaking nor provides 
for a 3-dB closed-loop bandwidth prediction. The con- 
ditions that are required to develop a stable, controlled- 
response feedback amplifier are evolved in this section. 


Criteria for a Peaked Response — Frequently peak- 
ing results when the magnitude of the true closed-loop 
gain, as given by Eq. (7) for the inverting configuration 
and by Eq. (45) for the noninverting configuration, is 
greater than the magnitude of the ideal closed-loop 
gain (Z,/Z, for an inverting circuit and 1 + Z¢/Z, for a 
noninverting circuit). The criteria for frequency peaking 
can be expressed for both configurations by the follow- 
ing expressions: 


Ao(w) ds 
ae tick = 
1 + Aclw) Zs 
pet 
Z; (75) 


Inequality (75) may be used to develop a set of criteria 
that predict frequency peaking (or preclude the occur- 
rence of frequency peaking). 


The following substitution is first made in inequality 
(75): 


vA (76) 


If both sides of inequality (75) are then divided by the 
left-hand term, the following result is obtained: 


1 
ft A= 8 
My B ee (77) 


Inequality (77) may be rewritten in either of the follow- 
ing forms: 


2 243 
1 i oe 
1 1 — 6 —— 6 
> | (1+ cos a) + ( yin) | (78) 
9 ta \el 
1 1 — s 6 —— 
>| ae = + (ana 


The real and imaginary parts of inequality (78) must also 
be less than unity, so that 


or 


(79) 


1 
1 1 =" cos @ 
a) a ae (80) 
and 
1 P 
the eek VSI 
B (81) 
It is apparent from inequality (80) that 
1 
POLES 
“ine (82) 
and from inequality (79) that 
cos, 7 <9 — eS 
2B (83) 


The substitution indicated by the identity (76) is 
again made, and both sides of inequality (75) are then 
divided by the right-hand term to obtain the following 
expressions: 


a (84) 


or 
(85) 


ene gee ee eect | Hf 


For peaking to occur, the following relationships must 
be in effect: 


Mee, fb0 |< 2.62 


3-dB Bandwidth Prediction ~ The 3-dB bandwidth 
of an operational amplifier is defined by the following 
condition: 


Ze 
Ae) tl a 
1 + Aol) V2 
142 
Zr (86) 


The terms of Eq. (86) are rearranged and the definition 
for B /@ given by the identity (76) is used to obtain 
the following relationships: 


¢ ee cos ) +(- sin s) a2, 


2 i} 
1+ = coso+() =2 
B 


B (87) 


Eq. (87) yields the following criteria for the 3-dB point: 


fee ee 414 
14/2 (88) 
Cosi bess! 
2B (89) 


Inequality (88) predicts the possibility of a 3-dB 
bandwidth greater than that indicated by the intersection 
of Ag(w) and 1 + Z,/Z, (B = 1 point). However, it 
should be realized that this “bandwidth extension” is 
actually caused by a slight peaking effect. Special care 
should be exercised in any attempt to use this effect 
to advantage. 


Inequality (89) stipulates that the phase angle must 
be 90 degrees to obtain the 3-dB bandwidth where B = 1. 
This stipulation essentially coincides with a “rule of 
thumb” that has become a standard in the industry. This 
rule may be stated as follows: For an unconditionally 
stable configuration, the ideal feedback characteristic, 


1 + Z,/Z,, must intersect the open-loop response, Ao{~), 
at a slope less than 12 dB per octave. An examination 
of this “rule of thumb” in terms of the phase relationship 
indicates that the phase angle asymptotically approaches 
180 degrees when the change in amplifier response with 
frequency occurs at a ratc of 12 dB per octave. There- 
fore, the amplifier is on the threshold of instability. 
Frequency dependence of less than 12 dB per octave 
indicates that the amplifier is stable; a dependence of 
greater than 12 dB per octave indicates that the ampli- 
fier is unstable. 


PHASE-COMPENSATION TECHNIQUES 
FOR OPERATIONAL AMPLIFIERS 


The design problems (i.e., ac instability and un- 
controlled frequency response) created by excessive 
phase shift in the feedback can be solved by use of 
compensating techniques that alter the feedback response 
so that excessive phase shifts no longer occur. The 
frequency response can be controlled by limiting the 
slope of the intersection of the ideal feedback char- 
acteristic, 1 + Zs/Z,, with the open-loop gain response, 
A,(w), to a safe value. Theoretically, this slope can 
have a maximum value of 12 dB per octave under certain 
conditions. In general, however, the maximum slope 
allowed for practical lumped-parameter systems is 6 dB 
per octave. In an operational amplifier, effective phase 
compensation can be accomplished only by a modifica- 
tion in one or more of the following parameters: 


1. the ideal closed-loop gain (feedback character- 
istic), 1 + Z¢/Z,; 


2. the open-loop input impedance, Zj; 


3. the open-loop gain, A,(w). 


Closed-Loop Compensation Method 


Phase compensation can be accomplished by modi- 
fication of the closed-loop gain characteristic (i.e., the 
1 + Z,/Z, term) for only those applications in which 
the intersection of the 1 + Z,/Z, characteristic with 
the open-loop response occurs in a region where the 
open-loop response rolls off at a slope of 12 dB per 
octave or 18dB per octave. When the intersection occurs 
in a 12-dB-peroctave region of the A,(w) response, 
compensation techniques are used that cause the slope 
of the 1 + Z»/Z, response to roll off at 6 dB per octave 
near the intersection. As a result of these techniques, 
the slope of the intersection becomes 6 dB per octave. 
(An example of this method of phase compensation was 
discussed earlier, in the section on “Criteria for a 
Peaked Response”, and the response curves for this 
example were shown in Fig.7.) 


For applications in which the use of an inductor 
is permissible, phase compensation in the 18-dB-per- 


218 


octave region of the open-loop response can be accom- 
plished by techniques that cause the 1 + Z»/Z, response 
to roll off at 12 dB per octave near the intersection. An 
example of this method of phase compensation, together 
with the appropriate response curves, is shown in Fig.8. 


In this example, the Z, term is altered by a shunt capac- 
itor and the Z, term is altered by a series inductor so 
that the 1 + Z»/Z, response has the required 12-dB-per- 
octave roll-off. The location of these frequency-depen- 
dent components in the feedback configuration is unique 
for this type of phase compensation. 
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Fig.8 - Phase compensation of operational amplifier per- 
missible in the “three-slope region”. 


a 


Open-Loop Compensation Methods 


Phase-compensation techniques that alter either 
the open-loop input impedance or the open-loop gain 
permit the introduction of a zero, in addition to the low- 
frequency pole, into the open-loop gain characteristic. 


This zero can be designed to cancel one of the poles — 


in the open-loop gain characteristic and thus to increase | 


substantially the bandwidth of the operational ampli-— 
Alternatively, the operational-amplifier bandwidth — 


fier. 
can be increased by the introduction of a pole at a fre- 


quency low enough so that all the other corner points 
will occur at frequencies below that at which the open-— 


loop response, A,(w@), intersects the closed-loop re- 


sponse, 1 + Z//Z,. 
Fig.9. 


The two methods are compared in 
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I—Compensated open-loop response using simple 
depression of higher corner frequencies. 


II—Compensated open-loop response using pole 
cancellation. 


Fiig.9 - Phase compensation of operational amplifier by 
use of pole cancellation. 


which the other corner frequencies are depressed. In 
the phase-compensation techniques discussed below, 
therefore, the pole-cancellation method is employed. 


Modification of the Open-Loop Input Impedance — 
The following analysis shows the limitations imposed 
on alterations in the open-loop input impedance of an 
operational amplifier in order to provide phase compen- 
sation. In this phase-compensation technique, an 
appropriate network is connected between the input 
terminals so that it appears in parallel with the intrinsic 
input impedance, Z;. Eqs. (7) and (45), which define 
the closed-loop inverting and noninverting responses, 
respectively, are used as the basis for establishing the 
conditions and the mechanisms involved in this kind 
of compensation. 


If Z;’ is used to represent the modified open-loop 
input impedance and the open-loop output impedance, 


It is apparent that the pole-cancellation method — 
of phase compensation is superior to the method in~ 


Z.;, is assumed to be zero, the following equations for 
the closed-loop response are obtained: 


1. For the inverting configuration, 


Vour _ —A.(w) Zi’ Zs 


ana, (Za Re) iF .(Zet Zi! 4° Ry) 4 Ag(o)'ZiZ, 
(90) 


2. For the noninverting configuration, 
Vour _ Ao(w) Zi’ (Z, + Zs) 


RMT 4B Zie 4-174) HK Zip Ze eA (w) Zi Ly 
(91) 


A judicious rearrangement of terms in Eqs. (90) 
and (91) reveals the effect that the altered open-loop 
input impedance has on the open-loop response. With 
this rearrangement, the equation for the inverting con- 
figuration becomes 


4 Ao(w) Zi" ] : 
Vour _ R, + Z, + Zi J“ 
Vin Z, (Li +R) An(w) Zi ] 
A+R + G4d t|R4+2,4+ 0/1" (92) 


The equation for the noninverting configuration is then 
written as follows: 


A(w) Z;’ | q fe 
——_“_/_—"___ | (Z, L, 
Vour La tas + Z, + Zi Seon 0) 
Vin Z, (Zi +R.) TAG) Zi ai 
Ate s747a) + (R42, 427)" (98) 


For each configuration, the modified open-loop 
response is defined as follows: 


A,(w) Zi,’ 


Ai) = 
OD arr ane A 


(94) 


It is apparent from Eq. (94) that the alteration of the 
open-loop input impedance has no effect on the open- 
loop response unless Z;', is at most, of the same order of 
magnitude as the R, + Z, term. If Z;' is made much 
less than R, + Z,, Eq. (94) becomes 


Ao(w) Zi’ 


Ao (w) = RZ 


(95) 


As predicted by Eqs. (94) and (95), three limitations 
are imposed in the use of the input-impedance modifica- 
tion technique to provide phase compensation: (1) the 
feedback impedance term Z, is restricted in value and 
configuration by the phase-compensation requirements; 
(2) the effective open-loop input impedance must be 
smaller in magnitude than and different in configuration 
from the intrinsic input impedance, Z; (thus the closed- 
loop input impedance, Zyyn,also is smaller and different); 
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and (3) the de open-loop gain is less for some input- 
impedance configurations. 


Two examples of the input-impedance phase-com- 
pensation technique are shown in Figs. 10 and 11. In 
the method shown in Fig.10, the required modification 
of the open-loop response is achieved by proper choice 
of the frequency characteristics for the network connect- 
ed in shunt with the input terminals of the operational 
amplifier. Fig.11 shows that the required modification 
of the response can be achieved by the appropriate 
choice of the frequency characteristics of R, and Z,. 
Both techniques employ pole-zero cancellation to extend 
the 6 dB-per-octave roll-off region depicted. The tech- 
nique illustrated in Fig.10 causes an early roll-off, 
while the one shown in Fig.11 results in a reduction in 
the de open-loop gain. Eqs. (94) and (95) indicate that 
phase-compensation can also be effected by an increase 
in the magnitude of R, + Z,, provided that the frequency 
characteristics of this parameter are controlled. How- 
ever, this technique relies on the accuracy of the value 
of Z; and therefore is unsatisfactory. (The intrinsic 
input impedance of an operational amplifier may vary 
significantly from unit to unit.) 


Modification of Open-Loop Gain Characteristics — 
Phase compensation that is effected by internal modifi- 
cation of the open-loop gain response is the most widely 
accepted technique for integrated-circuit operational 
amplifiers. This method offers two distinct advantages 
over other types of phase compensation. First, the 
internal-modification technique affords complete isola- 
tion of the phase-compensation networks from the feed- 
back parameters. This isolation is not possible with 
the compensation methods discussed previously. Second, 
the point at which the phase compensation is applied 
canbe selected sothat the open-loop response is altered 
in such a way that one of the existing 3-dB corner fre- 
quencies becomes the early roll-off corner in the com- 
pensated response. The advantage stems from the fact 
that no new corner frequencies are introduced, and an 
improved compensated response is thus obtained. 


Internal phase compensation can be accomplished 
by either of two basic methods. In one method, referred 
to as the straight roll-off, an appropriate RC network is 
connected across a suitable internal resistor of the 
operational amplifier. With this method, the early roll- 
off starts at the corner frequency produced by the phase- 
compensating capacitor and the internal resistor. The 
other method is the Miller-effect roll-off. In this method, 
the phase-compensating network still appears electrical- 
ly to be placed across an appropriate internal resistance 
of the amplifier, but is actually connected between the 
input and the output of an inverting-gain stage in the 
operational amplifier. The impedance of the compen- 
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A.(@) = uncompensated open-loop gain 
A,’ (@) = compensated open-loop gain 
Ri= low-frequency intrinsic input impedance 
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Because Rj; is normally large, the equation for 
A.|(@) may be rewritten as follows: 


Ashi a)enisenA oC he oat sea? 
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the equation for A,’(@) becomes 
kK 
[1 + jwCe (Re + 2R,)} (1 rT i) (1 = ro) 
We W3 


Ao (w) = 


Fig.10 - Phase compensation of operational amplifier 
in which open-loop response is modified by connection 
of a compensating network that provides the required 
frequency characteristics in shunt with input terminals. 


sating network then appears to be divided by the gain 
of that stage. 


The Miller-effect roll-off technique requires a much — 


smaller phase-compensating capacitor than that which 
must be used with the straight roll-off method. Moreover, 
the reduction in swing capability which is inherent in 
the straight roll-off is delayed significantly when the 
Miller-effect roll-off is used. Fig.12 illustrates the 
solution to the problem of phase compensation of an 
operational amplifier in which a straight roll-off is used 
to cause the second 3-dB corner frequency to occur at 
unity gain. Fig.13 illustrates the use of a Miller-effect 
roll-off to solve the same problem. For the same early 
comer frequency, the compensating capacitance required 
in the Miller-effect method is less than that required in 
the straight roll-off method by a factor of 1 + EmilReo 
(my and Reo are defined in Fig.13). 


DESIGN CRITERIA FOR OPERATIONAL AMPLIFIERS 


It is apparent from the previous discussions that a 
completely universal design of an operational amplifier 
would have to satisfy an impossible set of criteria. As 
a result, the design of operational amplifiers is a some- 
what specialized process in that a particular amplifier 
is usually designed for specific applications. 
ample, certain operational amplifiers are designed to 
provide high-frequency gain at the expense of other 
performance characteristics, while other operational 
amplifiers provide very high gain or high input impedance 
in low-frequency applications. Integrated-circuit opera- 
tional amplifiers, which are fabricated by the diffusion 
process, can be made suitable for comparator applica- 
tions or can be processed to provide high gain at low 
dissipation levels. For these reasons, any discussion 
of the criteria for operational amplifiers must be of a 
general nature unless a specific application is being 
considered. 


Input and Output DC Levels 


In general, an operational amplifier should be de- 
signed so that the de bias levels at the input and the 
output are equal. This condition is desirable to assure 
that the resistive feedback network can be connected 
between the input and the output without upsetting either 
the differential or the common-mode dec bias. Moreover, 
for applications in which two (positive and negative) 
power supplies are used, the operational amplifier should 
be designed so that it is possible to establish a set of 
standard supply values for which the equal input and 
output bias levels are at zero potential with respect to 
circuit ground. This latter condition is particularly 
important in direct-coupled cascade and comparator 
applications. 


For ex- — 


A,(@) = uncompensated open-loop gain 
A,’ (@) = compensated open-loop gain 


+ A,(w) Re Ri 
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Because R; is normally large, the equation for 
A,'(w) may be rewritten as follows: 
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the compensated open-loop gain A,’(w) is given by 
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Fig.11 - Phase compensation of operational-amplifier in which open-loop response is modified 
by alteration of the R, + Z, term to provide the required frequency characteristics. 


Output-Power Capability 


As with any amplifier circuit, the output-power 
requirements for an operational amplifier depend almost 
entirely on the application. A few general conclusions 
can be drawn concerning the design of the output stage. 
First, this stage should provide a voltage swing essen- 
tially equal to the sum of the power-supply voltages. 
It should have sufficient gain so that it is the first 
stage to limit when the amplifier is overdriven. Finally, 
because of the design trade-off that is always required 
between output-power capability and dissipation, the 
output stage should be sufficiently versatile so that the 
output capability and dissipation can be tailored to the 
power needs of the particular application in which the 
operational amplifier is used. 


Gain and Frequency-Response Characteristics 


The numerical values of the open-loop gain and the 
3-dB bandwidth of an operational amplifier are of rela- 
tively little importance in themselves. The important 
requirement is that the open-loop gain must be much 


greater than the closed-loop gain of the transfer response 
over the frequency range of interest if an accurate trans- 
fer function is to be maintained. (This requirement is 
explained in detail in the discussions of transfer func- 
tions for both the inverting and noninverting configura- 
tions.) For example, if a 40-dB amplifier and a 60-dB 
amplifier are used in a 20-dB gain configuration and the 
open-loop gain is decreased 50 per cent in each case, 
the closed-loop gain of the 40-dB amplifier varies only 
9 per cent and that of the 60-dB amplifier varies only 
1 per cent. 


The frequency roll-off characteristics are the prime 
determinants of the frequency response of an operational 
amplifier. The greater the rate of roll-off prior to the 
intersection of the feedback-ratio frequency character- 
istic with the open-loop response (in the active region), 
the more difficult phase compensation of the operational 
amplifier becomes. An 18-dB-per-octave roll-off is gen- 
erally considered the maximum slope that can occur in 
the active region before proper phase compensation 
becomes extremely difficult or impossible to achieve 
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(as indicated in the discussion on the effects of feed- 
back phase shifts). In addition, because operational 
amplifiers have useful applications down to and includ- 
ing unity gain, the active region of the amplifier may be 


considered as the entire portion of the frequency char- 
acteristic above its 0-dB bandwidth. Therefore, a 
well-designed amplifier should roll off at no greater 
than 18 dB per octave until well below unity gain. 


Ce 
: 


A,(@) = uncompensated open-loop gain 
A.’(@) = compensated open-loop gain 


1 + jwRe Ce 
1 + jwR, Ce 


The 1 +j w/w term in the equation above accounts 
for the modification of the w, 3-dB corner. 
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the equation for A,’(@) becomes 
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A third corner-frequency term, which occurs because 
of the time constant of R¢ and the input capacitance of 
the succeeding stage, should also be included in the 
equation above; the effects of this corner frequency, 
however, is appreciable only at very high frequencies’ 
(and usually at a gain less than unity). Because the 
corner frequency normally occurs well out of the active 
region, it is omitted in the expression for Ag(w). 


: 


Fig.12 - Phase compensation of operational amplifier by use of straight-rolloff 
method to modify open-loop response. 


Intrinsic Input and Output Impedances 


The ideal values for the input and output imped- 
ances of an operational amplifier are infinity and zero, 
respectively (as mentioned in the discussions on input 
and output impedances for both inverting and noninvert- 
ing configurations). The degree to which a practical 
amplifier approximates these values depends, for the 
most part, upon the application. A 5000-ohm open-loop 
input impedance may be quite sufficient for one applica- 
tion, while a 0.1-megohm intrinsic input impedance may 
not be sufficient for another. In most applications, 
however, the restrictions on the intrinsic input imped- 
ance are not severe. The closed-loop input impedance, 
which is equal to the product of the intrinsic input 
impedance and the gain “throwaway” or loop gain, is a 
more critical parameter. This parameter effectively 
increases the input impedance (decreases input capaci- 


tance) and is the reason that many operational ampli-— 
fiers that have an input roll-off in the active region 
have no input roll-off in this region after negative feed-_ 
back is applied. | 


Because the closed-loop output impedance is also | 
affected by the loop gain (the proportionality is inverse), 
the same conclusions might be drawn about the impor- 
tance of the intrinsic output impedance. Another factor, 
however, affects the restrictions placed upon the open-— 
loop output impedance. A limiting situation in an~ 
inverting-configuration application affords an alternate — 
path to the signal when the intrinsic output impedance 
is sufficiently high. The loop gain decreases to zero 
as the open-loop gain decreases when overdrive occurs. | 
Therefore, the closed-loop output impedance increases 
until it equals the intrinsic value at full limiting. Thus, 
the intrinsic output must be much less than the lowest 


practical value of feedback impedance or an alternate 
signal path that effectively bypasses the limiting ampli- 
fier will exist through the feedback network. 
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A,(@) = uncompensated open-loop gain 
A,’(w) = compensated open-loop gain 
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The 1 + j w/w, term in the expression for Aj(w) 
accounts for the modification of the ~, 3-dB corner. 
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The expression for A,’(w) becomes 


and A.(w) = 


Kk 
eo (1+ gar Ra) Cy Re (1 vs ji) 


Ao’ (w) = 


A third corner frequency, which results from the 
time constant of R¢ and the feedback capacitance Cyp,', 
is neglected in the expression for A,'(w), because this 
corner frequency occurs well out of the active region. 


Fig.13 - Phase compensation of operational amplifier by 
use of Miller effect to modify open-loop response. 
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Common-Mode Rejection 


Under differential drive conditions, the common- 
mode rejection has no drastic effects on the performance 
of the operational amplifier unless the rejection ratio is 
extremely low (as discussed in respect to the effects of 
common-mode gain). However, in a common-mode drive 
situation, such as in a comparator type of application, 
high common-mode rejection is imperative. For ex- 
ample, if a 60-dB differential amplifier having a 50-dB 
common-mode rejection is used to compare a 1-volt 
signal against a 1-volt reference, the output will be 
3.2 volts when it should be zero. Such results would 
be disastrous for almost any application of this type. 
In general, the common-mode rejection should be a mini- 
mum of 20 dB greater than the differential gain. 


Input Bias Current 


Although an amplifier may have a high intrinsic 
input ac impedance, it can still require a significant 
amount of de input bias current. This condition is un- 
desirable in applications in which the drive source 
cannot accommodate a significant de current. Examples 
of such applications are those that require very high im- 
pedance sources or sources of a magnetic nature that 
can be severely unbalanced by a flow of de current. 
Unfortunately, the bipolar transistor remedies for this 
effect add so much capacitance that the frequency re- 
sponse of the amplifier is impaired. Therefore, either 
field-effect devices should be used in the differential 
input stage or a scheme should be available to assure 
that a very low bias current is obtained when it is abso- 
lutely necessary. The latter technique requires that 
sufficient leads be provided so that two external tran- 
sistors can be added to form a Darlington or a modified 
Darlington input configuration. 


Offset Voltage and Current 


The offset voltage of an operational amplifier is the 
deviation of the output de level from the arbitrary input- 
output level usually taken as ground reference when 
both inputs are shorted together. The offset current is 
the deviation when the inputs are driven by two identi- 
cal dc input bias-current constant-current sources. These 
two offset parameters are usually referred to the input 
because their output values are dependent on feedback. 
Under normal operating conditions, the offset in the 
amplifier results from a combination of the two factors. 
For example, if an operational amplifier has a 1-milli- 
volt input offset voltage and a 1l-microampere input 
offset current with the inputs returned to ground through 
1000-ohm resistors, the total input offset is either zero 
or 2 millivolts depending upon the phase relationship 
between the two offset parameters. The offset of an 
operational amplifier is a de error and should be mini- 
mized for numerous reasons, including the following: 
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(1) The use of an operational amplifier as a true de 
amplifier is limited to signal levels much greater than 
the offset. (2) Comparator applications require that the 
output voltage be zero (within limits) when the two input 
Signals are equal and in phase. (3) In a direct-coupled 
cascade, such as a video amplifier chain, the input 
offset of the first stage determines the offset character- 
istics of the entire system. Hence, the gain of the 
system must be limited to a value that is insufficient 
to cause limiting at rated output voltage. This value 
is reduced when the offset is significant. 


Power-Supply Stability 


The power-supply stability is a measure of the 
sensitivity that the offset has to power-supply varia- 
tions. Because the value of the offset at the output is 
dependent on feedback, this sensitivity is normally 
referred to the input and expressed in microvolts per 
volt. In a fixed-installation application that employs 
heavily regulated power supplies, this parameter is of 
little importance. In battery-operated applications of 
the operational amplifier, however, the sensitivity of 
the offset to power-supply variations is of the utmost 
importance. In a single-supply system, this sensitivity 
should be an absolute minimum. In a two-supply system, 
the difference in the sensitivities to each supply can 
be minimized because the supplies in many dual systems 


tend to track. This tracking results in a cancellation, 
or atleast apartial cancellation, of the two sensitivities. 


Temperature-Stability Requirements 


Temperature stability of an operational amplifier 
requires stable thermal characteristics for most of the 
parameters discussed in this Note. The stability de 
mands imposed on the temperature characteristics of an 
operational amplifier are determined to a large extent by 
the application in which the circuit is used. In certain 
applications, stable temperature characteristics are of 
utmost importance; in other applications, the ability of 
the operational amplifier to perform the required functions 
is not appreciably affected by variations in circuit 
parameters with temperature. 


In general, the dependence of the open-loop gain 
on temperature is of less importance than the thermal 
behavior of the amplifier frequency response. Varia- 
tions in the intrinsic input and output impedances with 
temperature are of little consequence provided that the 
input impedance remains large enough and the output 
impedance remains small enough to satisfy the require- 
ments of the application. If the value of the input bias 
current is important for the application in which the 
operational amplifier is used, stable temperature be- 
havior is just as important. Variations in the offset 
voltage and current with temperature should always be 
small because they directly affect the internal biases, 
and thus the operation, of the operational amplifier. 
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Linear Integrated Circuits 


Application Note 
ICAN-5641 


Application of RCA CA3033 and CA3033A 
High-Performance Integrated-Circuit 
Operational Amplifiers 


by 


H. A. Wittlinger 


The new RCA CA3033 and CA3033A high-perform- 
ance operational amplifiers represent a significant step 
forward in monolithic integrated circuits in many respects. 
They are capable of delivering power outputs in excess 
of 250 milliwatts into a 500-ohm load resistance with 
harmonic distortion of less than 0.2 per cent, and have 
a typical input impedance of one megohm with voltage 
gain of at least 90 dB. Offset voltage is less than 
5 millivolts, and offset current is typically 9 nanoam- 
peres. Input bias current is typically 100 nanoamperes. 
These features make these amplifiers especially suitable 
for systems in which an operational amplifier and power 
amplifier or driver were formerly required. 


Circuit Description 


The RCA CA3033 and CA3033A consist of two dif- 
ferential-amplifier stages followed by a class B output 
stage, as shown in the schematic diagram of Fig.1. 
(The two circuits are designed to permit operation from 
dual 12- and 18volt dc power supplies, respectively.) 
Emitter-follower inputs provide the exceptionally high 
input impedance and low bias current. An additional 
advantage of the emitter-follower inputs is that the Miller 


capacitance of the differential amplifier is substantially 
reduced and the input capacitance of the amplifier is 
lower than if a similar single-transistor configuration 
were used. 


The output of the first differential-amplifier stage 
(Q3 and Q4) is buffered from the input of the next dif- 
ferential-amplifier stage (Q6 and Q7) by emitter followers 
Qi9 and Q20. This arrangement reduces the input-load- 
ing effects on the first stage and therefore maintains the 
first-stage gain. 


A circuit is incorporated in this design to sense 
any change in the operating point of the first differential 
amplifier caused by variations in either the positive or 
the negative supply voltage. Any changes in the supply 
voltages are reflected to the base of transistor Qs, 
which detects changes in the collector voltage of the 
first differential amplifier and compensates for them. 
For example, a rise in the voltage at the emitters of 
Q6 and Q7 increases the bias voltage to Qs and thus in- 
creases the collector current, countering the apparent 
rise in the collector voltage of either Q3 or Q4y. At the 
same time, the emitter current of Q5 also increases, and 
increases the voltage drop across the diode-connected 
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Fig.] - Schematic diagram of a CA3033 or CA3033A operational amplifier. 


transistor Q9 and resistor R10 to increase the collector 
current of Qg. Thus, any apparent increase in the col- 
lector voltage of the first differential stage causes a 
correction both at the constant-current source Qg and 
at the collector supply voltage through Rj, the common 
load resistor for Q3, Qy, and Qs. 


An emitter-follower Qy 1 buffers the output of the 
second differential-amplifier stage and drives the divider 
and summing network to the output stage. Resistor R13 
may be considered the input resistance of an amplifier 
to the summing point, the junction of R13, Ryq, and R15. 
Resistor R14 shifts to the operating point of the output 
stage with little attenuation of the signal as a result of 
the high collector impedance of the constant-current 
source Qj9. 


Diode-connected transistors Q13A and Q13 provide 
further dc shifting of the signal to the base of emitter- 
follower Q14. This emitter-follower provides further level 
shifting and a low driving impedance to transistors Q15 


and Qj. 


The excellent matching of the base-to-emitter voltage 
of the integrated-circuit transistors makes it possible to 
establish the idling current of the output stage accurately. 
Because the collector-current characteristics of Q15 and 
Q1g as afunction of base-to-emitter voltage are matched, 
the collector current in Q15 determines the idling cur- 
rent in Qjg. For example, if the operating current of 
Qj5 is set at 1 milliampere for a given base-to-emitter 
voltage, the operating current of Q18 is also 1 milliam- 
pere because the base-to-emitter voltages of both tran- 


sistors are the same. This type of design results from 
the excellent transistor matching that is possible with 
monolithic processing. 


Noise Figure 


Fig.2 shows noise figure as a function of source 
resistance for the CA3033A. The curve shows that 
the optimum noise match occurs for input impedances" 
between 100,000 ohms and 1 megohm. An improvement 
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Fig.2 - Noise-figure curve for CA3033A. 
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in noise figure of approximately 14 dB at a frequency 
of 1 kHz and an input impedance of 1000 ohms may be 
obtained by addition of two 0.3-megohm resistors from | 
the emitters to the VEE supply to increase the operating : 
current of the input transistors. 
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Fig.3 - Phase-compensation characteristics for CA3033 or CA3033A. 


Compensation 


Basic phase compensation of the CA3033 and 
CA3033A amplifiers is quite simple. Fig.3 shows typical 
phase-compensation characteristics for the CA3033; 
data for the CA3033A are similar. The two compensating 
capacitors Cy and C, are connected from the collectors 
of the first differential amplifier (terminals 8 and 13) to 
ground. When capacitance values greater than 0.1 micro- 
farad are used, however, a lower-voltage capacitor that 
has a value equal to half that given on the curves may 
be connected between terminals 8 and 13, and a 0.001- 
microfarad capacitor connected from either terminal 8 or 
13 to ground. This arrangement provides the same 
gain-phase roll-off shown on the curves and permits the 
use of lower-voltage ceramic disc capacitors now avail- 
able. For linear operation, the maximum expected dif- 
ference voltage between the two collectors is less than 
1 volt. 


The dashed lines in Fig.3 illustrate the use of the 
curves for design of a 60-dB amplifier. First, the inter- 
section of the various gain-frequency curves is followed 
out to the curve for a capacitor value of 0.001 micro- 
farad. At this point, the expected 3-dB amplifier response 
is approximately 230 kHz and the phase angle ¢ is 118 
degrees; the phase margin (180° - ¢) is thus 62 degrees. 
For a capacitance value of 300 picofarads, the expected 
3-dB response is 580kHz, but the phase angle is 175 de- 
grees; the resulting phase margin of only 5 degrees is 
a most undesirable situation. In the other direction, the 
use of 0.003-microfarad compensating capacitors pro- 

vides a 3-dB response of 90 kHz and a phase angle of 


approximately 90 degrees, with a phase margin of 90 
degrees. 


Slewing Rate 


One of the most important considerations in using 
a high-power operational amplifier such as the CA3033 
or CA3033A is the maximum full power output swing in 
terms of frequency that can be expected from the unit. 
This characteristic is important both in low-frequency 
applications and in pulse applications in which the rise 
times of a given design must be known. Fig.4 shows 
the maximum rate of change, or slewing rate, of a sine 
wave in volts per microsecond for various peak-to-peak 
out put voltages. ! For example, a 30-volt peak-to-peak 
sine wave at a frequency of 10 kHz has a maximum rate 
of change of 1 volt per microsecond. Besides being able 
to swing the value of 30 volts peak to peak at dc, there- 
fore, an amplifier must also be able to swing this ampli- 
tude at a minimum rate of 1 volt per microsecond. 
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Fig.4 - Slewing-rate curve. 
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Slewing rate is afunction of the phase-compensation 
circuit, the operational-amplifier design in terms of the 
gain after phase compensation, and the output-stage 
design. The phase-compensation circuit isusually placed 
around the input stages of an operational amplifier. 
This approach offers two advantages. First, it reduces 
the amplitude of any higher-frequency components that 
may overload the following stages. (For example, the 
residual rf carrier remaining on the output of a video 
detector with a single RC roll-off could cause serious 
overload and a distorted output if it were allowed to 
continue through the amplifier.) Second, because of the 
relatively high gain that follows the compensating cir- 
cuit in the input stage, the compensating capacitors 
charge and discharge on a smaller and faster portion 
of the RC time constant associated with the collector 
load resistors and compensation capacitors. 


Another consideration that influences the slewing 
rate is the signal-handling capability of the output stage. 
It is evident that, regardless of how fast the first portion 
of an amplifier responds to a step input, the output 
stage can limit the rate of rise and fall. 


Fig.5 shows a curve of the maximum full-power-out- 
put frequency of the CA3033 and CA3033A as a function 
of the phase-compensation capacitance. This curve 
may be used with the curve of Fig.4 to determine the 
amplifier slewing rate. In the case of the 60-dB ampli- 
fier shown in Fig.6, for example, two 0.002-microfarad 
capacitors are used for phase compensation. The curves 
of Fig.3 indicate that the 3-dB bandwidth is 120 kHz. 
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Fig.5 - Frequency for full power output as a function 
of phase-compensating capacitance. 


Fig.5 shows that full output swing with no load may be 
expected up to a frequency of 280 kHz. Therefore, the 
design is capable of full power output up to the 3-dB 
point. 

A similar approach may be used for a pulse ampli- 


fier. Two 0.01-microfarad phase-compensating capaci- 


tors are used to yield a 3-dB response of 30 kHz. The 
expected rise time in microseconds is equal to 0.35 
divided by the 3-dB frequency in MHz, or 11.7 micro- 
seconds.” The power-output curve of Fig.5 shows that 
the maximum frequency for full power output is 155 kHz; 
thus the slewing rate is 10.6 volts per microsecond. 
For the 20-volt input-signal swing specified for the 
CA3033, the rise time based on this slewing rate would 
be (1 microsecond/10.6 volts) x 20 volts, or 1.9 micro- 
seconds. Because this value is greater than the rise 
time estimated from the 3-dB point, the design is not 
slewing-rate limited, and the 3-dB rise time will be met. 
Thus, for maximum high-frequency output, the lowest 
value of phase-compensation capacitors must be used; 
therefore, high closed-loop gains are implicit. 
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Fig.6 - 60-dB test amplifier for CA3033. 


Waveforms forthe 60-dB amplifier are shown in Fig.7. 


R__=500 0; C, =0.00! pF 
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Fig.7 - Waveforms for the 60-dB amplifier 
shown in Fig.6. 


Applications 


Fig.8 illustrates the use of the CA3033A in a 20-dB, 
255-milliwatt power amplifier operating from a single 


Fig.8 - 20-dB, 255-milliwatt power amplifier using 
a CA3033A operating from a 36-volt supply. 


36-volt supply. Fig.9 shows the pulse response of this 
amplifier under no-load conditions and with a resistive 
load of 500 ohms; also shown are curves of distortion 
The waveforms show that 
the pulse response of the amplifier is limited by slewing 
rate rather than frequency response. Some crossover 
distortion is evident inthe response for the 500-ohm load. 


as a function of frequency. 
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Fig.9 - Pulse-response waveforms and distortion curves 
for the amplifier shown in Fig.8. 


The impedance of the feedback network can have a 
significant effect on the pulse response of a given ampli- 
fier design, particularly when higher-frequency perform- 
ance is required. The response is influenced by the 
stray capacitance of the associated wiring, the shunt 
capacitance of the feedback resistors, and the input 
impedance of the operational amplifier. Because the 
CA3033 and CA3033A have higher input impedance as a 
result of the emitter-follower inputs, the input capacitive 
loading is reduced considerably and higher-impedance 
feedback networks can be used. 


A simple system was fabricated to demonstrate the 
ease with which the CA3033 and CA3033A operational 
amplifiers may be applied. The basis of the system was 
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the rudiments of a digital voltmeter, using the linear 
staircase approach, without the associated totalizing 
circuitry. 


Fig.10 shows a block diagram of the system, to- 
gether with the waveforms of all interfaces. A squelch- 
able integrated-circuit multivibrator is used as the clock. 
As described later, the clock frequency is independent 
of supply voltage. Although this independence is not a 
necessary condition for circuit operation, it is inherent 
in this type of operational-amplifier multivibrator circuit 
and may be considered an integrated-circuit bonus. 


The output from the clock drives a linear staircase 
generator. Input voltage to this circuit is applied di- 
rectly from the multivibrator to minimize the effects of 
diode temperature coefficients. The output from the 
staircase generator is applied to a comparator that 
compares the staircase with the voltage to be measured. 


The comparator output fires a monostable multi- 
vibrator that controls the display time, which is variable 
from about 100 milliseconds to one second. An inverter 
following the multivibrator supplies drive of the correct 
polarity to the integrator capacitor-discharge switch and 
the multivibrator squelch circuit. 


Circuit operation begins with the staircase generator 
ramp running down until its voltage is equal to the un- 
known voltage on the input of the comparator. When the 
two voltages are equal, the monostable multivibrator is 
triggered by the output from the comparator. The output 
of the monostable multivibrator squelches the astable 
multivibrator and discharges the integrating capacitor 
through the bistable multivibrator. The wait, or display 
time, set by the monostable multivibrator allows suffi- 
cient time for full discharge of the integration capacitor 
and appears as a steady reading on the display device. 


Astable Multivibrator - A schematic diagram of a 
squelchable multivibrator is shown in Fig.11. The only 
requirement that must be met by the squelch circuit is 
that the amplitude of the output pulse not change as a 
result of the squelch operation; otherwise, the amplitude 
of the final steps would be different from that of the 
initial steps and staircase linearity would suffer. 


Freedom of the circuit from supply-voltage variations 
results from the excellent saturation characteristics of 
the integrated circuit at both positive and negative out- 
put swings. The positive and negative thresholds of 
the circuit are given by 


Rl 
Positive threshold = (Vcc - VCEtsat) Rau 


R1 


Negative threshold = (VpptV ) ——_ 

= WEE CE cat R1+R2 
where Vcc and Vpg are the positive and negative sup- 
ply voltages and VCEigat and VCE-sat are the positive 
and negative saturation voltages of the amplifier. Be- 
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Fig.10 - Block diagram and waveforms of digital voltmeter system 
using five CA3033 integrated circuits. 


cause these saturation voltages are low and have tem- 
perature coefficients less than 5 millivolts per degree C, 
they can be neglected for ease of computation. If the 
charging current is considerably greater than the base 
current, the frequency f may be expressed as follows:? 


1 
Rj 
R9 


f ~ 


2 RC In oe | 


Linear Staircase Generator - The design of a linear 

SQUELCH staircase generator is nearly identical to that of a linear 
Shea ramp or sawtooth generator. Fig.12(a) shows a linear 
ramp generator in which the non-inverting input of an 

operational amplifier is grounded and aswitch S] returns 

SQUELCH VOLTAGE , Vcc , CUTS OFF MULTIVIBRATOR the output to the inverting input. When Sj is closed, 
| the amplifier is in the unity-gain configuration and the 
output is at ground less the input offset voltage. When 
S1 is opened, the output moves in the positive direction 
Fig.11 - CA3033 squelchable astable multivibrator. when the reference voltage Vref is negative, or in the 
negative direction when Vref is positive. Because the 
output under closed-loop conditions tries to maintain 
the input terminal at zero voltage, the charging current 
to the capacitor is constant at a rate of dV/dt = i/C, 


in 2rcin (SFL 4) 


where i = Vref/R. It is apparent that this analysis is 
valid as long as the input current to the first stage is 
considerably less than the charging current. 


Fig.12(b) shows the circuit for a linear staircase 
generator. In this circuit, apulse of amplitude e couples 
a charge Q to the amplifier input. The charge Q is 
equal to Cy (e - 2Vak), where 2Vak is the forward vol- 
tage drop across the two diodes. Again, if the amplifier 
input current is small compared to the effective charging 
current, capacitor C2 is incrementally charged in steps 
of (e - 2Vak) C1/C2. If the pulse height is made suffi- 
ciently large compared to the expected temperature 
variations of the diodes, a reasonable degree of temper- 
ature independence results. 


LINEAR RAMP Vref NEGATIVE 
OUTPUT ae 
(3+e-O 0 


(b) 


Fig.12 - Diagrams of (a) linear ramp generator and 
(b) linear staircase generator. 


Comparator - Regeneration is added around the 
comparator circuit in this system to accelerate the tran- 
Sition time when the two input voltages are equal. 
Fig.13 shows a complete schematic diagram of the 
entire system. Waveforms at critical points are shown 
in Fig.14. The 470-picofarad capacitor and 1000-ohm 
resistor between terminals 3 and 10 of the CA3033 in 
the comparator circuit provide the regeneration. Two 
0.001-microfarad capacitors on each input filter any 
externally generated noise. 


Monostable Multivibrator - The monostable multi- 
vibrator circuit shown in Fig.13 makes use of the ex- 
tremely low input bias currents of the CA3033 by using 
small timing capacitors and large timing resistors to 
obtain the long (one-second) display time. The small 
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timing capacitor in conjunction with the diode D3 permits 
the fast recycling time necessary for the one-step case. 
Triggering of the circuit is accomplished by the 470- 
picofarad capacitor to the non-inverting input (termi- 


nal 10). 


An RC timing network is incorporated at the output 
of the monostable multivibrator to add an additional 
150-millisecond delay that performs two functions. 
First, the added delay allows more time to complete the 
timing-capacitor recycling mentioned above. The 
second and more important function of this network is 
the generation of a reset pulse at the trailing edge of 
the monostable multivibrator. Diode D4 couples the 
negative output of the multivibrator to the next stage 
and rapidly charges the 0.22-microfarad network timing 
capacitor through the 470-ohm resistor. After the mono- 
stable multivibrator completes the cycle, diode Dq dis- 
connects, and the 0.22-microfarad capacitor charges to 
the 1.1-volt switching threshold of the next stage through 
the two one-megohm resistors. This cycle is approxi- 
mately 150 milliseconds. 


Bistable Multivibrator - The output from the mono- 
stable multivibrator is coupled to the next stage, a bi- 
stable multivibrator or inverter. The switching thresholds 
are determined by the 100,000- and 10,000-ohm resistors 
in the positive feedback loop. The primary function of 
this stage is to invert the signals from both the compa- 
rator and the monostable multivibrator to drive the 
clock-astable-multivibrator squelch circuit and the 
staircase capacitor-discharge switch, an RCA-3N141 
dual-gate MOS field-effect transistor. Diode Dg protects 
the gates of the MOS transistor; the 47-picofarad capaci- 
tor reduces the rise time of the negative-going output 
of the bistable multivibrator and prevents it from coupling 
into the beginning of staircase and obscuring the first 
few steps by this negative transition. 


Acknowledgment 


The author thanks A. J. Leidich for his work on the 
design of the CA3033 and CA3033A and for supplying 
the noise-figure curve, and J. Klinger for breadboarding 
and evaluating the many circuits used in the paper. 


References 


1. R. Stata, ‘‘Operational Amplifiers,’ Electromechanical 
Design, page 51, September 1965. 


2. Valley, G. E., Jr., and Wallman, H., ‘‘Vacuum-Tube 
Amplifiers,’’ page 80, Massachusetts Institute of 
Technology Radiation Laboratory Series, Volume 18, 
McGraw-Hill Book Co., New York 1948. 


3. Engineering Staff of Philbrick Researches, ‘‘Phil- 
brick Applications Manual,’’ page 72, Second Edition, 
June 1966. 


232 


CLOCK ASTABLE eg ae 
MULTIVIBRATOR GENERATOR DC COMPARATOR 
Vcc 0.00! 0.3 
O HF pF Vcc 
TO cS GC) 
@) TOTALIZER =F Ovec 
cs t yao @) ® © _INPUT gare 
6 @ SULIT ay. FROM DC 6 
AMPLIFIER 
47K Pele 5 
(0) ae ((0) -7V min.O (11) 
ek o (3) 50-380 pF @ (3) 10K © CA3033 e 
10K TYPE 
y INSI4 
90027 O Se @ @ ghia @ © 
pF 330 Do VEE QO +11V 
pF TYPE Lt 5 mV VeEO | l 
22k INSI4 D: Pig = STEPS EE TS seth: 
aaa 470pF 
D S >—_ FR -ws——* 
I 4 + 0.00! 
TYPE We 
D7 INSI4 yy \ JyvPe Zila 
3NI41 = 
22K G we -_) 
I G2 
Oe oem ag TYPE MONOSTABLE 
47 pF INSI4 == MULTIVIBRATOR 
D6 
BISTABLE INVERTER IK 10 MEG 
ey O.1 pF 820K 
| DISPLAY 
Mee NWN TIME 
OVYecc 470 pF 
©) 47 pF |MEG 6) be 
2K D3 
TYPE 
O IN9I4 (10) TYPE 
GB) 47 pF |MEG GB) 
© 04 
(2) 4) 47002 = 
+ i ocak abe OVee zr O2e 
-1IV er Oe am sie wes TOTALIZER 
al RESET 
+ 11V 
NOTE: SUPPLY DECOUPLING NOT SHOWN | | 
Veco =+l2V 
noe ary pikes 0.1 TO | 
EE SECOND 


VARIABLE DISPLAY TIME 


Fig.13 - Schematic diagram of a digital voltmeter using CA3033 integrated circuits. 
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Application Note 
ICAN-6668 


Applications of the CA3080 and 
CA3O80A High-Performance 
Operational Transconductance 
Amplifiers 


by H. A. Wittlinger 


The CA3080 and CA3080A are similar in generic form to 
conventional operational amplifiers, but differ sufficiently to 
justify an explanation of their unique characteristics. This 
new class of operational amplifier not only includes the usual 
differential input terminals, but also contains an additional 
control terminal which enhances the device’s flexibility for 
use in a broad spectrum of applications. The amplifier 
incorporated in these devices is referred to as an Operational 
Transconductance Amplifier (OTA), because its output signal 
is best described in terms of the output-current that it can 
supply. (Transconductance g,, = a The amplifier’s 
output-current is proportional to the inves difference-at its 
differential input terminals. 

This Note describes the operation of the OTA and 
features various circuits using the OTA. For example, 
communications and industrial applications including 
modulators, multiplexers, sample-and-hold-circuits, gain 
control circuits and micropower comparators are shown and 
discussed. In addition, circuits have been included to show 
the operation of the OTA being used in conjunction with 
RCA COS/MOS devices as post-amplifiers. 


I out = Gm(tein) 


(mmhos) mA) 
Ro = 75 / ILABC 
(megohms) (mA) 


Fig. 1— Basic equivalent circuit of the OTA. 


Fig. 1 shows the equivalent circuit for the OTA. The 
output signal is a “current” which is proportional to the 
transconductance (gm) of the OTA established by the 
amplifier bias current (IApc) and the differential input 
voltage. The OTA can either source or sink current at the 
output terminals, depending on the polarity of the input 
signal. 

The availability of the amplifier bias current (IApc) 
terminal significantly increases the flexibility of the OTA and 
permits the circuit designer to exercise his creativity in the 
utilization of this device in many unique applications not 
possible with the conventional operational amplifier. 


Circuit Description 

A simplified block diagram of the OTA is shown in Fig. 
2. Transistors Q1 and Q2 comprise the differential input 
amplifier found in most operational amplifiers, while the 
lettered-circles (with arrows leading either into or out of the 
circles) denote “‘current-mirrors”. Fig. 3a shows the basic 
type of current-mirror which is comprised of two transistors, 
one of which is diode-connected. In a “current-mirror”’, with 
similar geometries for Qa and Qp, the current l’ establishes a 
second current I whose value is essentially equal to that of I’. 


INVERTING 
INPUT NON- INVERTING 


OUTPUT 
(3) INPUT 6) 


AMPLIFIER 
CURRENT 
OQ) 


Fig. 2— Simplified diagram of OTA. 
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This basic current-mirror configuration is sensitive to the 
transistor beta (8). The addition of another active transistor, 
shown in Fig. 3b, greatly diminishes the circuit sensitivity to 
transistor beta (@) and increases the current-source output 
impedance in direct proportion to the transistor beta ({). 
Current-mirror W (Fig. 2) uses the configuration shown in 
Fig. 3a, while mirrors X, Y, and Z are basically the version 
shown in Fig. 3b. Mirrors Y and Z employ p-n-p transistors, 
as depicted by the arrows pointing outward from the mirrors. 
Appendix 1 describes “current-mirrors”’ in more detail. 


Qa Qp Qe 


(a) 


Fig. 3— Basic types of current mirrors; a) diode-connected 
transistor paired with transistor; b) improved 


version: employs an extra transistor. 


Fig. 4 is the complete schematic diagram of the OTA. 
The OTA employs only active devices (transistors and 
diodes). Current applied to the amplifier-bias-current ter- 
minal, lage, establishes the emitter current of the input 


differential amplifier Q1 and Q2. Hence, effective control of 


the differential transconductance (g,,,) is achieved. 
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Fig. 4— 
CA3080A. 


Schematic diagram of OTA types CA3080 and 


The g,, of a differential amplifier is equal to 


qalc 

2KT 
(see Ref. 2 for derivation) where q is the charge on 
an electron, a is the ratio of collector current to emitter 
current of the differential amplifier transistors, (assumed to 
be 0.99 in this case), Ic is the collector current of the 
constant-current source (I, pc in this case), K is Boltzman’s 
constant, and T is the ambient temperature in degrees Kelvin. 
At room temperature, gy, = 19.2 x Iapc, where gm is in 
mmho and I,apc is in milliamperes. The temperature 
coefficient of g,, is approximately -0.33%/°C (at room 
temperature). 

Transistor Q3 and diode D1 (shown in Fig. 4) comprise 
the current mirror “W” of Fig. 2. Similarly, transistors Q7, 
Q8 and Q9 and diode DS of Fig. 4 comprise the generic 
current mirror “Z” of Fig. 2. Darlington-connected transis- 
tors are employed in mirrors “Y” and “Z” to reduce the 
voltage sensitivity of the mirror, by the increase of the mirror 
output impedance. Transistors Q10, Q11, and diode D6 of 
Fig. 2 comprise the current-mirror “X”’ of Fig. 2. Diodes D2 
and D4 are connected across the base-emitter junctions of Q5 
and Q8, respectively, to improve the circuit speed. The 
amplifier output signal is derived from the collectors of the 
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Fig. 5— Schematic diagram of OTAs in a two-channel linear 
time-shared multiplex circuit. 


ee eee 


“Z” and “X” current-mirror of Fig. 2, providing a push-pull 
Class A output stage that produces full differential g,,. This 
circuit description applies to both the CA3080 and 
CA3080A. The CA3080A offers tighter control of gy, and 
input offset voltage, less variation of input offset voltage 
with variation of Ia~pec and controlled cut-off leakage 
current. In the CA3080A, both the output and the input 
cut-off leakage resistances are greater than 1,000 MQ. 


APPLICATIONS 


Multiplexing 

The availability of the bias current terminal, Iapc, 
allows the device to be gated for multiplex applications. Fig. 
5 shows a simple two-channel multiplex system using two 
CA3080 OTA devices. The maximum level-shift from input 
to output is low (approximately 2mV for the CA3080A and 
S5mV for the CA3080). This shift is determined by the 
amplifier input offset voltage of the particular device used, 
because the open-loop gain of the system is typically 100dB 
when the loading on the output of the CA3080A is low. To 
further increase the gain and reduce the effects of loading, an 
additional buffer and/or gain-stage may be added. Methods 
will be shown to successfully perform these functions. 


In this example positive and negative 5-V power-supplies 
were used, with the IC flip-flop powered by the positive 
supply. The negative supply-voltage may be increased to 
-15 V, with the positive-supply at 5 V to satisfy the logic 
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Fig. 6— Schematic diagram of a two-channel linear multi- 
plex system using a COS/MOS flip-flop to gate two 
OTAs. 
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supply voltage requirements. Outputs from the clocked flip- 
flop are applied through p-n-p transistors to gate the CA3080 
amplifier-bias-current terminals. The grounded-base con- 
figuration is used to minimize capacitive feed-through 
coupling via the base-collector junction of the p-n-p 
transistor. 

Another multiplex system using the OTA’s clocked by a 
COS/MOS flip-flop is shown in Fig. 6. The high output 
voltage capability of the COS/MOS flip-flop permits the 
circuit to be driven directly without the need for p-n-p 
level-shifting transistors. 

A simple RC phase-compensation network is used on the 
output of the OTA in the circuits shown in Figs. 5 & 6. The 


= 2MHz. 


values of the RC-network are chosen so that 
2nRC 


This RC-network is connected to the point shown because 
the lowest-frequency pole for the system is usually found at 
this point. Fig. 7 shows an oscilloscope photograph of the 
multiplex circuit functioning with two input signals. Fig. 8 
shows an oscilloscope photograph of the output of the 
multiplexer with a 6-V p-p, sine wave signal (22 kHz) applied 
to one amplifier and the input to the other amplifier 
grounded. This photograph demonstrates an isolation of at 
least 80 dB between channels. 
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Fig. 7— Voltage waveforms for circuit of Fig. 6; top trace: 
multiplexed output; lower trace: time expansion of 
switching between inputs. 
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Fig. 8— Voltage waveforms for circuit of Fig. 6; top trace: 
output; lower trace: voltage expansion of output; 
isolation in excess of 80 dB. 
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Sample-and-Hold Circuits 

An extension of the multiplex system application is a 
sample-and-hold circuit (Fig. 9), using the strobing character- 
istics of the OTA amplifier bias-current (ABC) terminal as a 
means of control. Fig. 9 shows the basic system using the 
CA3080A as an OTA in a simple voltage-follower configura- 
tion with the phase-compensation capacitor serving the 
additional function of sampled-signal storage. The major con- 
sideration for the use of this method to “hold” charge is that 
neither the charging amplifier nor the signal readout device 
significantly alter the charge stored on the capacitor. The 
CA3080A is a particularly suitable capacitor-charging ampli- 
fier because its output resistance is more than 1000 MQ 
under cut-off conditions, and the loading on the storage 
capacitor during the hold-mode is minimized. An effective 
solution to the read-out requirement involves the use of an 
RCA 3N138 insulated-gate field-effect transistor (MOS/FET) 
in the feedback loop. This transistor has a maximum 
gate-leakage current of 10 picoamperes; its loading on the 
charge “holding” capacitor is negligible. The open-loop 
voltage-gain of the system (Fig. 9) is approximately 100 dB if 
the MOS/FET is used in the source-follower mode to the 
CA3080A as the input amplifier. The open-loop output 


impedance =) of the 3N138 is approximately 220 Q 


because its transconductance is about 4,600 umho at an 
operating current of 5 mA. When the CA3080A drives the 
3N138 (Fig. 9), the closed loop operational-amplifier output 
impedance characteristic 
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O 

Ve=e-I5V 
Schematic diagram of OTA in a sample-and-hold 
circuit. 


Fig. 10 shows a “‘sampled” triangular signal. The lower 
trace in the photograph is the sampling signal. When this 
signal goes negative, the CA3080A is cutoff and the signal is 
“held” on the storage capacitor, as shown by the plateaus on 
the triangular wave-form. The center trace is a time 
expansion of the top-most transition (in the upper trace) 
with a time scale of 2 usec/div. 


Once the signal is acquired, variation in the stored-signal 
level during the hold-period is of concern. This variation is 
primarily a function of the cutoff leakage current of the 
CA3080A (a maximum limit of 5 nA), the leakage of the 
storage element, and other extraneous paths. These leakage 
currents may be either ‘“‘positive’ or ‘“‘negative” and, 
consequently, the stored-signal may rise or fall during the 
“hold” interval. The term “tilt” is used to describe this 
condition. Fig. 11 shows the expected pulse “tilt” in 
microvolts as a function of time for various values of the 
compensation/storage capacitor. The horizontal axis shows 
three scales representing leakage currents of 50 nA, 5 nA, 
500 pA. 

Fig. 12 shows a dual-trace photograph of a triangular 
signal being “sampled-and-held” for approximately 14 ms 
with a 300 pF storage capacitor. The center trace (expanded 
to 20 mV/div) shows the worst-case “tilt” for all the steps 
shown in the upper trace. The total equivalent leakage 
current in this case is only 170 pA (I = c®). 
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Fig. 10— Waveforms for circuit of Fig. 9; top trace: sampled 
signal; center trace: top portion of upper signal; 
lower trace: sampling signal. 
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Fig. 11— Chart showing “tilt” in sample-and-hold potentials 
as a function of hold time with load capacitance as 
a parameter. 
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Fig. 13 is an oscilloscope photograph of a ramp voltage 
being sampled by the “sample-and-hold” circuit of Fig. 9. 
The input signal and sampled-output signal are superimposed. 
The lower trace shows the sampling signal. Data shown in 
Fig. 13 were recorded with supply voltages of +10 V and the 
series input resistor at terminal 5 was 22 kQ. 
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Fig. 12— Oscilloscope photo of “‘triangular-voltage”’ being 


sampled by circuit of Fig. 9. 
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Fig. 13— Oscilloscope photo’ of 
sampled by circuit of Fig. 9. 


“ramp-voltage”” being 
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Fig. 14— Oscilloscope photo showing response of sample- 
and-hold circuit (Fig. 9). 


In Fig. 14, the trace of Fig. 13 has been expanded (100 
mV/div and 100 nsec/div) to show the response of the 
sample-and-hold circuit with respect to the sampling signal. 
After the sampling interval, the amplifier overshoots the 
signal level and settles (within the amplifier offset voltage) in 
approximately 1 us. The resistor in series with the 300 pF 
phase-compensation capacitor was adjusted to 68 ohms for 
minimum recovery time. 

Fig. 15 shows the basic circuit of Fig. 9 implemented 
with an RCA 2N4037 p-n-p transistor to minimize capacitive 
feedthrough. Fig. 16 shows oscilloscope photographs taken 
with the circuit of Fig. 15 operating in the sampling mode at 
supply-voltage of +15 V. The 9.1 kQ resistor in series with 
the p-n-p transistor emitter establishes amplifier-bias-current 
(Ia pc) conditions similar to those used in the circuit of Fig. 
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Fig. 15— Schematic diagram of the OTA in a sample-and- 
hold configuration (DTL/TTL control logic). 


Considerations of circuit stability and signal retention 
require the use of the largest possible phase-compensation 
capacitor, compatible with the required slew rate. In most 
systems the capacitor is chosen for the maximum allowable 
prt in the storage mode and the resistor is chosen so that 


——_— = 2 j -orr | i i 
TRC 2MHz, corresponding to the first pole in the 


TOP TRACE:INPUT AND SAMPLED OUTPUT SUPER — 
IMPOSED 10OOmV/DIV & lOOusec/DIV 
BOTTOM TRACE:SAMPLING SIGNAL 5V/DIV & 
lOOpusec /DIV 


Fig. 16— Oscilloscope photo for circuit of Fig. 15 operating 


in sampling mode. 
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amplifier at an output current level of 500 wA. It is 
frequently desirable to optimize the system response by the 
placement of a small variable resistor in series with the 
capacitor, as is shown in Figs. 9 and 15. The 120 pF 
capacitor shunting the 2 kQ2 resistor improves the amplifier 
transient response. 

Fig. 17 shows a multi-trace oscilloscope photograph of 
input and output signals for the circuit of Fig. 9, operating in 
the linear mode. The lower portion of the photograph shows 
the input signal, and the upper portion shows the output 
signal. The amplifier slew-rate is determined by the output 
current and the capacitive loading: in this case the slew rate 
(dV/dt) = 1.8V/us. 

The center trace in Fig. 17 shows the difference between 
the input and output signals as displayed on a Tektronix 
7A13 differential amplifier at 2 mV/div. The output of the 
amplifier system settles to within 2 mV (the offset voltage 
specification for the CA3080A) of the input level in 1 us 
after slewing. 


TOP TRACE: OUTPUT S5V/DIV & 2ys8ec/DIV 

CENTER TRACE ‘DIFFERENTIAL COMPARSION OF 
INPUT AND OUTPUT 2mV/DIV— 
O VOLTS THROUGH CENTER — 
2 psec/DIV 

BOTTOM TRACE: INPUT 5V/DIV & 2yus8ec/DIV 


Fig. 17— Oscilloscope photo showing circuit of Fig. 9 
operating in the linear sample-mode. 


Fig. 18 is a curve of slew-rate as a function of 
amplifier-bias-current (Iapc) with various  storage/ 
compensation capacitors. The magnitude of the current being 
supplied to the storage/compensation capacitor is equal to 
the amplifier-bias-current (14 gc) when the OTA is supplying 
its maximum output current. 


Gain Control — Amplitude Modulation 

Effective gain control of a signal may be obtained by 
controlled variation of the amplifier-bias-current (I, pc) in 
the OTA because its g,, is directly proportional to the 
amplifier-bias-current (Iqpc). For a specified value of 
amplifier-bias-current, the output current (Ig) is equal to the 
product of g,, and the input signal magnitude. The output 
voltage swing is the product of output current (I¢) and the 
load resistance (Ry). 


Fig. 19 shows the configuration for this form of basic 
gain control (a modulation system). The output signal 
current (IQ) is equal to -g,, Vy; the sign of the output signal 
is negative because the input signal is applied to the inverting 
input terminal of the OTA. The transconductance of the 
OTA is controlled by adjustment of the amplifier bias 
current, Apc. In this circuit the level of the unmodulated 
carrier output is established by a particular amplifier-bias- 
current (I, pc) through resistor Rm. Amplitude modulation 
of the carrier frequency occurs because variation of the 
voltage Vm forces a change in the amplifier-bias-current 
(IARC) supplied via resistor Rm. When Vm goes positive the 
bias current increases which causes a corresponding increase 
in the g,, of the OTA. When the Vm goes in the negative 
direction (toward the amplifier-bias-current terminal 
potential), the amplifier-bias-current decreases, and reduces 
the gry of the OTA. 
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Fig. 18— Slew rate as a function of amplifier-bias-current 
(1aBC) with phase-compensation capacitance as a 
parameter. 


As discussed earlier, gy, = 19.2 x Iapc, where gy, is in 
millimhos when I, p¢ is in milliamperes. In this case, 14 p¢ is 
approximately equal to: 


Vm - (V°) 
Rm ~!ABC 
(Ip) =-8m Vx 


&m Vx = (19.2) (ac) (Vx) 


_-19,2 [Vm - (V°)] Vx 


x0) Rm 


Io = Sec - saa PAL (Modulation Equation). 
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Fig. 20— Amplitude modulator using OTA controlled by 
p-n-p transistor. 


47 kQ 


CA30I8A 


Vm 


+15 V 


Fig. 21— Amplitude modulator using OTA controlled by 
p-n-p and n-p-n transistors. 
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There are two terms in the modulation equation: the first 
term represents the fixed carrier input, independent of Vm, 
and the second term represents the modulation, which either 
adds to or subtracts from the first term. When Vm is equal to 
the V- term, the output is reduced to zero. 

In the preceding modulation equations the term 


(19.2) (Vx) “ABC 


involving the amplifier-bias-current terminal voltage (V ABC) 
(see Fig. 4 for Va pc) was neglected. This term was assumed 
to be small because V4 pc is small compared with V- in the 
equation. If the amplifier-bias-current terminal is driven by a 
current-source (such as from the collector of a p-n-p 
transistor), the effect of Vapc variation is eliminated and 
transferred to the involvement of the p-n-p transistor 
base-emitter junction characteristics. Fig. 20 shows a method 
of driving the amplifier-bias-current terminal to effectively 
remove this latter variation. If an n-p-n transistor is added to 
the circuit of Fig. 20 as an emitter-follower to drive the p-n-p 
transistor, variations due to base-emitter characteristics are 
considerably reduced due to the complementary nature of 
the n-p-n base-emitter junctions. Moreover, the temperature 
coefficients of the two base-emitter junctions tend to cancel 
one another. Fig. 21 shows a configuration using one 
transistor in the RCA type CA3018A n-p-n transistor-array as 
an input emitter-follower, with the three remaining tran- 
sistors of the transistor-array connected as a current-source 
for the emitter — followers. The 100-kQ potentiometer 
shown in these schematics is used to null the effects of 
amplifier input offset voltage. This potentiometer is adjusted 
to set the output voltage symmetrically about zero. Figs. 22a 
and 22b show oscilloscope photographs of the output 
voltages obtained when the circuit of Fig. 19 is used as a 
modulator for both sinusoidal and triangular modulating 
signals. This method of modulation permits a range 
exceeding 1000:1 in the gain, and thus provides modulation 
of the carrier input in excess of 99%, The photo in Fig. 22c 
shows the excellent isolation achieved in this modulator 
during the “gated-off” condition. 


Four-Quadrant Multipliers 

A single CA3080A is especially suited for many 
low-frequency, low-power four-quadrant multiplier applica- 
tions. The basic multiplier circuit of Fig. 23 is particularly 
useful for waveform generation, doubly balanced modula- 
tion, and other signal processing applications, in portable 
equipment, where low-power consumption is essential and 
accuracy requirements are moderate. The multiplier config- 
uration is basically an extension of the previously discussed 
gain-controlled configuration (Fig. 19). 

To obtain a four-quadrant multiplier, the first term of 
the modulation equation (which represents the fixed carrier) 
must be reduced to zero. This term is reduced to zero by the 
placement of a feedback resistor (R) between the output and 
the inverting input terminal of the CA3080A, with the value 
of the feedback resistor (R) equal to 1/g,,. The output 
current is Ig = gm (-Vx) because the input is applied to the 
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Fob CAG aE 2 ae 
TOP TRACE: MODULATION FREQUENCY INPUT 
= 20VOLTS P-P & 50usec/DIV 

CENTER TRACE: AMPLITUDE MODULATE OUTPUT 
SOOmV/DIV & SO psec /DIV 

BOTTOM TRACE:EXPANDED OUTPUT TO SHOW 
DEPTH OF MODULATION 20mV/DIV 
& 5Opusec/DIV 


bj? § Wes elas 
TOP TRACE: MODULATION FREQUENCY INPUT 
20 VOLTS & 5Opusec/DIV 
BOTTOM TRACE:AMPLITUDE MODULATED OUTPUT 
SOOmV/DIV & SOusec/DIV 
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TOP TRACE:GATED OUTPUT IV/DIV AND 50psec/DIiv 
BOTTOM TRACE: VOLTAGE EXPANSION OF ABOVE 
SIGNAL-SHOWING NO RESIDUAL 
ImV/DIV AND SOusec/DIV— AT 
LEAST 80 db OF ISOLATION 
fq =|O0OkHz 


Fig. 22—a) Oscilloscope photo of amplitude modulator 
circuit of Fig. 15 with Ry, = 40 KQV; * = 10vand 
V- = -10 V. Top trace: modulation frequency input 
= 20-V p-p; center trace: amplitude modulated 
output 500-mV/div.; lower trace: expanded output 
to show depth of modulation, 20 mV/div.; b) 
triangular modulation; top trace: modulation fre- 
quency input = 20 V; lower trace: amplitude 
modulated output 500 mV/div.; c) square wave 
modulation, top trace: gated output 1 V/div.; lower 
trace: expanded scale, showing no residual (1 
mV/div) and at least 80 dB of isolation at fq = 100 
kHz. 


inverting terminal of the OTA. The output current due to the 


; Vx : 
resistor (R) is R: Hence, the two signals cancel when R = 
1/gy- The current for this configuration is: 


lo= een Yims and Vin 2Vy 

The output signal for these configurations is a “current” 
which is best terminated by a short-circuit. This condition 
can be satisfied by making the load resistance for the 
multiplier output very small. Alternatively, the output can be 
applied to a current-to-voltage converter shown in Fig. 24. 

In Fig. 23, the current “cancellation” in the resistor R is 
a direct function of the OTA differential amplifier linearity. 
In the following example, the signal excursion is limited to 
+10 mV to preserve this linearity. Greater signal-excursions 
on the input terminal will result in a significant departure 
from linear operation (which may be entirely satisfactory in 
many applications). 


R=|/gm 


I9=-K Vy Vy 


Fig. 23— Basic four quadrant analog multiplier using an 
OTA. 
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Fig. 24— OTA analog multiplier driving an op-amp that 
operates as a current-to-vo/tage converter. 


Fig. 25 shows a schematic diagram of the basic multiplier 
with the adjustments set-up to give the multiplier an 
accuracy of approximately +7 percent “‘full-scale’’. There are 
only three adjustments: 1) one is on the output, to 


compensate for slight variations in the current-transfer ratio 
of the current-mirrors (which would otherwise result in a 
symmetrical output about some current level other than 
zero); 2) the adjustment of the 20-kQ potentiometer 
establishes the g,, of the system equal to the value of the 
fixed resistor shunting the system when the Y-input is zero; 
3) compensates for error due to input offset voltage. 
Procedure for adjustment of the circuit: 
1. a) Set the 1 MQ output-current balancing poten- 
tiometer to the center of its range 
b) Ground the X- and Y- inputs 
c) Adjust the 100 kQ potentiometer until a zero-V 
reading is obtained at the output. 


S5IOkY) 


OUTPUT 
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100k 


Fig. 25— Schematic diagram of analog multiplier using OTA. 


OUTPUT 
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100k 


Fig. 26— Schematic diagram of analog multiplier using OTA 
controlled by a p-n-p transistor. 
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500 mV/DIV AND 200 usec/DIV 
TRIANGLAR INPUT 7OOHz TO Vy INPUT 5 VPP 
CARRIER INPUT 21 kHz TO Vy INPUT 13.5 VPP 
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500 mV/DIV AND 200psec/DIV 
MODULATING FREQUENCY 700 Hz TO Vy INPUT 5VPP 
CARRIER INPUT 21 kHz TO Vy INPUT 13.5 VPP 


O VOLTS —» 


O VOLTS —> 


TOP TRACE: INPUT TO X AND Y 2V/DIV AND 
I msec /DIV —-200Hz 
BOTTOM TRACE: OUTPUT 500mV/DIV AND 
Imsec/DIV —400Hz 


SAME SCALE AS 27C 


Fig. 27— a) Waveforms observed with OTA analog multiplier 
used as a suppressed carrier generator; b) waveforms 
observed with OTA analog multiplier used in signal- 
squaring circuits. 
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Fig. 28— Two-channel multiplexer and decoder using OTAs. 


2. a) Ground the Y-input and apply a signal to the X- 
input through a low source-impedance generator. 
(It is essential that a low impedance source be 
used; this minimizes any change in the gy, 
balance or zero-point due to the 50-uA Y-input 
bias current). 

b) Adjust the 20-kQ potentiometer in series with 
Y-input until a reading of zero-V is obtained at 
the output. This adjustment establishes the g,,, of 
the CA3080A at the proper level to cancel the 
output signal. The output current is diverted 
through the 510-kQ resistor. 

3. a) Ground the X-input and apply a signal to the 
Y-input through a low source-impedance gener- 
ator. 

b) Adjust the 1-MQ resistor for an output voltage of 
zero-V. 

There will be some interaction among the adjustments and 
the procedure should be repeated to optimize the circuit 
performance. 


Fig. 26 shows the schematic of an analog multiplier 
circuit with a 2N4037 p-n-p transistor replacing the Y-input 
“current” resistor. The advantage of this system is the higher 
input resistance resulting from the current-gain of the p-n-p 
transistor. The addition of another emitter-follower pre- 
ceding the p-n-p transistor (shown in Fig. 21) will further 
increase the current gain while markedly reducing the effect 
of the Vpe temperature-dependent characteristic and the 
offset voltage of the two base-emitter junctions. 


Figs. 27a and 27b show oscilloscope photographs of the 
output signals delivered by the circuit of Fig. 26 which is 
connected as a suppressed-carrier generator. Figs. 27c and 
27d contain photos of the outputs obtained in signal 
“squaring” circuits, i.e. “squaring” sine-wave and triangular- 
wave inputs. 


If +15-V power supplies are used (shown in Fig. 26), 
both inputs can accept +10-V input signals. Adjustment of 
this multiplier circuit is similar to that already described 
above. 


rr ne eames, DAR 


The accuracy and stability of these multipliers are a 
direct function of the power supply-voltage stability because 
the Y-input is referred to the negative supply-voltage. 
Tracking of the positive and negative supply is also important 
because the balance adjustments for both the offset voltage 
and output current are also referenced to these supplies. 

Other forms of four-quadrant multipliers using opera- 
tional transconductance amplifiers have been published. (See 
Ref. 2.) the circuit shown in Ref. 2 tends to reduce the 
effects of the previously discussed g,, temperature depen- 


dency. 20 psec/DIV 

Linear Multiplexer — Decoder DENTE TRACE POLES cua Ahaha t i eerint 
A simple, but effective system for multiplexing and hie ae She dacSbineanietons se 

decoding can be assembled with the CA3080 shown in Fig. (0.1 VOLTS /DIV) 

28. Only two channels are shown in this schematic, but the } J di Ue 

number of channels may be extended as desired. Fig. 29 alee oe oe, 

shows oscilloscope photos taken during operation of the | aliaas new 


multiplexer and decoder. A CA3080 is used as a 10 psec i vey 7 ae ; . : 
delay- “one-shot” multivibrator in the decoder to insure that 
the sample-and-hold circuit can sample only after the input 
signal has settled. Thus, the trailing edge of the ‘‘one-shot” 
output-signal is used to sample the input at the sample-and- 
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TOP TRACE: COLLECTOR OF PNP TRANSISTOR 
(0.5 V/DIV) 
CENTER TRACE:MULTIPLEXED OUTPUT WITH ONE 
CHANNEL INPUT GROUND (0.5V/DIV) 
LOWER TRACE:DECODED OUTPUT (0.5V/DiIV) 
TIME ALL SCALES: 5 msec/DIV 


20msec/DIV 


TOP TRACE:INPUT SIGNAL (1 VOLT/DIV) 
CENTER TRACE: RECOVERED OUTPUT (1 VOLT/DIV) 
BOTTOM TRACE: MULTIPLEXED SIGNALS (2 VOLTS/DIV) 


TIME EXPANSION TO SOOyusec/DIV 


Fig. 30— (a) Waveforms showing timing of flip-flop, delay— 
“one-shot” and the strobing pulse to the sample- 
and-hold circuit (Fig. 28): top trace: flip-flop 
output (5 V/div); center trace: “one-shot” output 
(5 V/div); lower trace: pulse at collector of 2N4037 


20 msec/DIV 


TOP TRACE: INPUT SIGNAL (IVOLT/DIV) transistor (0.17 Vidiv); b) Waveforms showing the 
CENTER TRACE:RECOVERED OUTPUT (iVOLT /DIV) decoding operation from the decoder keying pulse 


BOTTOM TRACE :MULTIPLEXED SIGINALS (IVOLT/ DIV) (top traces) to the recovered “decoded” sampled 


output (lower traces). 1) top trace: collector of 
Fig. 29- Waveforms showing operation of linear 2N4037; center trace: multiplexed output with one 


multiplexer/sample-and-hold decode circuitry (Fig. channel input grounded; lower trace: decoded 
28). output; 2) Expanded scale of (1). 
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hold circuit for approximately 1 wus. Fig. 30 shows 
oscilloscope photos of -various waveforms observed during 
operation of the multiplexer/decoder circuit. Either the Q or 
Q output from the flip-flop may be used to trigger the 
10 usec “‘one-shot” to decode a signal. 


High-Gain, High-Current Output Stages 

In the previously discussed examples, the OTA has been 
buffered by a single insulated-gate field-effect-transistor 
(MOS/FET) shown in Fig. 9. This configuration yields a 
voltage gain equal to the (g,,) (Ro) product of the CA3080, 
which is typically 142,000 (103dB). The output voltage and 
current-swing of the operational amplifier formed by this 
configuration (Fig. 9) are limited by the 3N138 MOS/FET 
performance and its source-terminal load. In the positive 
direction, the MOS/FET may be driven into saturation; the 
source-load resistance and the MOS/FET characteristics 
become the factors limiting the output-voltage swing in the 
negative direction. The available negative-going load current 
may be kept constant by the return of the source-terminal to 
a constant-current transistor. Phase compensation is applied 
at the interface of the CA3080 and the 3N138 MOS/FET 
shown in Fig. 9. 


Another variation of this generic form of amplifier 
utilizes the RCA CD4007A (COS/MOS) “inverter” as an 
amplifier driven by the CA3080. Each of the three 
“inverter” /amplifiers in the CD4007A has a typical voltage 
gain of 30 dB. The gain of a single COS/MOS “‘inverter’’/ 
amplifier coupled with the 100 dB gain of the CA3080 yields 
a total forward-gain of about 130 dB. Use of a two-stage 
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1/3CD4007A 


Fig. 31— Schematic diagram showing OTA driving COS/MOS 
Inverter/Amplifier (open-loop mode). For greater 
current output the two remaining amplifiers of the 
CD4007A may be connected in parallel with the 
single stage shown. Open-loop gain = 130 dB. 


COS/MOS amplifier configuration will increase the total 
open-loop gain of the system to about 160 dB 
(100,000,000). Figs. 31 through 34 show examples of these 
configurations. Each COS/MOS “‘inverter’’/amplifier can sink 
or source a current of 6 mA (typ.). In Figs. 33 and 34, two 
COS/MOS ‘“‘inverter”/amplifiers have been connected in 
parallel to provide additional output current. 


The open-loop slew-rate of the circuit in Fig. 31 is 
approximately 65 V/usec. When compensated for the unity- 
gain voltage-follower mode, the slew-rate is about 1 V/usec — 
(shown in Fig. 32). Even when the three “‘inverter’’/ 


1/3CD4007A 


Fig. 32— Schematic diagram showing OTA driving COS/MOS 
Inverter/Amplifier (unity-gain closed-loop mode). 
For greater current output, the two remaining 
amplifiers of the CD4007A may be connected in 
parallel with the single stage shown. 


amplifiers in the CD4007A are connected as shown in Fig. 
33, the open-loop slew-rate remains at 65 V/ysec. A slew-rate 
of about 1 V/sec is maintained with this circuit connected 
in the unity-gain voltage-follower mode, as shown in Fig. 34. 
Fig. 35 contains oscilloscope photos of input-output wave- 
forms under small-signal and large-signal conditions for the 
circuits of Figs. 32 and 34. These photos illustrate the 
inherent stability of the OTA and COS/MOS circuits 
operating in concert. 


Precision Multistable Circuits 

The micropower capabilities of the CA3080, when 
combined with the characteristics of the CD4007A COS/ 
MOS “‘inverter”/amplifiers, are ideally suited for use in 
connection with precision multistable circuits. In the circuits 
of Figs. 31, 32, 33, and 34, for example, power-supply 
current drawn by the COS/MOS “‘inverter’/amplifier ap- 
proaches zero as the output voltage swings either positive or 
negative, while the CA3080 current-drain remains constant. 


INVERTING 
INPUT Y © 


NON- 
INVERTING @) 
INPUT 


Fig. 33— Schematic diagram showing OTA driving two-stage 
COS/MOS Inverter/Amplifier (open-loop mode). 
gain = 160 aB. 


(a) 


TOP TRACE: INPUT-5 V/DIV-l00 psec/ DIV 
BOTTOM TRACE ‘OUTPUT SAME SCALE 


TOP TRACE :INPUT-5 V/DIV—100 ysec/DIV 
BOTTOM TRACE:OUTPUT -SAME SCALE 


Fig. 35— a) Waveforms for circuit of Fig. 32 with large signal 
input; b) Waveforms for circuit of Fig. 32 with 
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Fig. 34— Schematic diagram showing OTA driving two-stage 
COS/MOS Inverter/Amplifier (unity gain closed- 
loop mode). 


TOP TRACE:INPUT-50 mV/DIV—| yxsec/DIV 
BOTTOM TRACE:OUTPUT-SAME SCALE 


TOP TRACE:INPUT -50 mV/DIV — I psec /DIV 
BOTTOM TRACE:OUTPUT —-SAME SCALE 


small signal input; c) Waveforms for circuit of Fig. 
34 with large signal input; d) Waveforms for circuit 
of Fig. 34 with small signal input. 
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c) +THRESHOLD DETECTOR 


Fig. 36— Multistable circuits using the OTA and COS/MOS 
Inverter/Amplifiers: a) astable multivibrator; b) 
monostable multivibrator; c) threshold detector 
(plus or minus). For greater current output, the 
remaining amplifiers in the CD4007A may be 
connected in parallel with the single stage shown. 


Fig. 36 shows a variety of circuits that can be assernbled 
using the CA3080 to drive one “inverter’’/amplifier in the 
CD4007A. Precise timing and thresholds are assured by the 
stable characteristics of the input differential amplifier in the 
CA3080. Moreover, speed vs. power consumption tradeoffs 
may be made by adjustment of the Iapc current to the 
CA3080. The quiescent power consumption of the circuits 
shown in Fig. 36 is typically 6 mW, but can be made to 
operate in the micropower region by suitable circuit 
modifications. 


Micropower Comparator 

The schematic diagram of a micropower comparator is 
shown in Fig. 37. Quiescent power consumption of this 
circuit is about 10 uW (typ). When the comparator is strobed 
“ON”, the CA3080A becomes active and consumes 420 pW. 
Under these conditions, the circuit responds to a differential 
input signal in about 8 wsec. By suitably biasing the 
CA3080A, the circuit response time can be decreased to 
about 150 nsec., but the power consumption rises to 21 mW. 

The differential amplifier input common-mode range for 
the circuit of Fig. 37 is -1V to +10.5 V. Voltage of the 
micropower comparator is typically 130 dB. For example, a 
5 wV input signal will toggle the output. 


CO4007A 


O 
STROBE 


Fig. 37— Schematic diagram of micropower comparator 
using the CA3080A and COS/MOS CD4007A, 
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APPENDIX | 
CURRENT MIRRORS 


The basic current-mirror, described in the beginning of 
this note, in its rudimentary form, is a transistor with a 
second transistor connected as a diode. Fig. A shows this 
basic configuration of the current-mirror. Q2 is a diode 
connected transistor. Because this diode-connected transistor 
is not in saturation and is ‘“‘active”, the “diode” formed by 
this connection may be considered as a transistor with 100% 
feedback. Therefore, the base current still controls the 
collector current as is the case in normal transistor action, 
1e., Ic = 6B Ih. If a current I, is forced into the 
diode-connected transistor, the base-to-emitter voltage will 
rise until equilibrium is reached and the total current being 
supplied is divided between the collector and base regions. 
Thus, a base-to-emitter voltage is established in Q2 such that 
Q2 “sinks” the applied current Ij. 


I, Ip 


Qe Q| 


Fig. A— Diode — transistor current source. 


If the base of a second transistor (Q1) is connected to the 
base-to-collector junction of Q2, shown in Fig. A, Q1 will 
also be able to “sink” a current approximately equal to that 
flowing in the collector lead of the diode-connected 
transistor Q2. This assumes that both transistors have 
identical characteristics, a prerequisite established by the IC 
fabrication technique. The difference in current between the 
input current (I;) and the collector current (19) of transistor 
Q, is due to the fact that the base-current for both transistors 
is supplied from Ij. Fig. B shows this current division, using a 
unit of base current (1) to each transistor base. This base 


I, I2 


Fig. B— Diode — transistor current source. Analysis of 
current flow. 


current causes a collector current to flow in direct 
proportion to the £8 of each transistor. The ratio of the 
“sinking” current I> to the input current I; is therefore 


I 

equal ier = 6/(6+2). Thus, as B increases, the output 
] 

“sinking” current (I>) level approaches that of the input 


current (I}). The curves in Fig. C show this ratio as a 
function of the transistor 6. When the transistor 6B is equal to 
100, for example, the difference between the two currents is 
only two percent. 


B2+2B+2 


CURRENT TRANSFER RATIO Ip /I, 


| 10 100 1000 
TRANSISTOR BETA 


Fig. C— Current transfer ratio lo/ly as a function of 
transistor beta. 


Fig. D shows a curve-tracer photograph of characteristics 
for the circuit of Figs. A and B. No consideration in this 
discussion is given to the variation of the transistor (Q1) 
collector current as a function of its collector-to-emitter 
voltage. The output resistance characteristic of Q] retains its 
similarity to that of a single transistor operating under similar 
conditions. An improvement in its output resistance char- 
acteristic can be made by the insertion of a diode-connected 
transistor in series with the emitter of Q1. 


SCALE : HORIZONTAL =2V/DIV 
VERTICAL =I mA/DIV 
STEPS = imA/STEP 


Fig. D— Photo showing results of Figs. A & B. 
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This diode-connected transistor (Q3 in Fig. E) may be 
considered as a current-sampling diode that senses the 
emitter-current of QI and adjusts the base current Q1 (via 
Q2) to maintain a constant-current in 15. Because all 
controlling transistors are operated at relatively fixed 
voltages, the previously discussed effects due to voltage 
coefficients do not exist. The curve-tracer photograph of Fig. 
F shows the improved output resistance characteristics of the 
circuit of Fig. E. (Compare Fig. D and F). 


I, Io 
Q; 
Qo Qz 


Fig. E— Diode — 2 transistor current source. 
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SCALE :HORIZONTAL = 2 V/DIV 
VERTICAL = ImA/DIV 
STEPS =|ImA/DIV 


Fig. F— Photo showing results of Fig. E. 


Fig. G shows the current-division within the “mirror” 
assuming a “unit” (1) of current in transistors (Q2 and Q3. 


+ 
The resulting current-transfer ratio I9/I, = ase Fig. C 
shows this equation plotted as a function of beta. It is 
significant that the current transfer ratio (I9/I,) is improved 
by the p2 term, and reduces the significance of the 2 6B + 2 


term in the denominator. 


B+2 
<2 last) p2@ +20 
Ti p+(Bt2) p2 +2842 


Ip f 


Fig. G— Current flow analysis of Fig. E. 


Conclusions 

The Operational Transconductance Amplifier (OTA) is a 
unique device with characteristics particularly suited to 
applications in multiplexing, amplitude modulation, analog 
multiplications, gain control, switching circuitry, multivibra- 
tors, comparators, and a broad spectrum of micropower 
circuitry. The CA3080 is ideal for use in conjunction with 
COS/MOS (Complementary-Symmetry MOS) IC’s being 
operated in the linear mode. 
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The advent in recent years of very high-gain operational 
amplifiers operating in the l/f noise-frequency spectrum has 
placed emphasis on the need for very low-noise devices. This 
need is particularly true for operational amplifiers which 
have either low-offset characteristics and/or offset-null 
capability. 

The traditional methods used to select such devices 
involve the measurement of either spot or wideband (~ 10 
kHz) noise figures in the 1/f frequency range (10 Hz to 10 
kHz) at various source resistances. This type of measurement, 
however, only provides an indication of the average noise 
power at the measurement frequency and does not reveal the 
burst (“popcorn’’) noise characteristics of the Device Under 
Test (DUT). The metering circuits cannot respond fast 
enough to measure the effects of burst-noise. Fig. 1a shows a 
photograph of typical burst-noise as a function of time for an 
operational amplifier having poor burst-noise characteristics. 
This photo illustrates burst-noise which is characterized by 
random abrupt output voltage-level changes that persist for 
periods from approximately 1/2 millisecond to several 
seconds. Additionally, the random rate at which the bursts 
occur ranges from approximately several hundred per second 
to less than one per minute. Furthermore, these rates are not 
necessarily repetitive and predictable. Consequently, the 
nature of burst-noise prevents its measurement by means of 
the standard averaging techniques. Instead, a technique to 
detect individual bursts must be used and a DUT must be 
under observation for a period in the order of 10 seconds to 
one minute. Fig. 1b shows a photo of the output of a 
virtually burst noise-free operational amplifier, the 
RCA-CA6741T. 


Test Configuration 
Some of the major questions relevant to the type of test 
required are: 


|. What characteristics of the burst-noise should be 
detected? 

2. What test-circuit configuration is most suitable to detect 
these characteristics? 


Measurement of Burst (“Popcorn”) 
Noise in Linear Integrated Circuits 


20 pV/DIV 


betes) Demet rag yey ed yor ved 


10 ms/DIV 


10 pV/DIV 


lO ms/ DIV 


Fig. 1— (a) Photo of output waveforms for amplifier with 
poor burst-noise characteristics; (b) photo of output 
waveform for the RCA-CA6741T. 


3. What are the “‘Pass-Fail’’ criteria? 


There are three major characteristics of the noise burst 
which have an impact on the suitability of a device from the 
standpoint of applications: burst amplitude, duration, and 
rate of occurrence. Of these, burst-amplitude and rate of 
occurrence are of primary interest to potential users of a 
particular device. Long duration bursts (of sufficient ampli- 
tude) seriously degrade the performance of de amplifiers; 
however, suitable devices could be selected by the rejection 
of any unit which produced even one burst during some 
prescribed test period. Therefore, an absolute measurement 
of burst duration is not a prime necessity. 

The rate of occurrence, on the other hand, as measured 
by the burst-count in a given test period could conceivably 
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be considered as a variable of prime importance in the 
selection process. For instance, a burst-rate of 100 per 
second is clearly objectionable in almost any low-level 
low-frequency application, whereas the occurrence of only 
one low-amplitude burst in a one-minuie period might be 
quite acceptable. Consequently, it is desirable to include 
flexibility in the testing system so that “Pass-Fail” criteria 
can be established on the basis of burst-noise count in some 
prescribed period of time. The test equipment described 
herein detects total noise (1/f noise plus burst noise) bursts 
with amplitudes above a preset threshold level during a given 
test period and allows acceptance or rejection on the basis of 
the number of noise voltage excursions beyond the threshold 
level, in the selected test period. 

Another factor to be considered is the bandwidth of the 
test system. Excessive bandwidth allows the normal “‘white”’ 
noise of the terminating resistors and the DUT to obscure 
burst-noise occurrences and does not realistically simulate 
the low-frequency applications in which burst-noise is 
particularly objectionable. On the other hand, a test circuit 
having excessively narrow bandwidth prevents detection of 


the shorter-duration bursts (~ 1/2 ms) even if their 
amplitude is relatively high. A suitable compromise is chosen 
in which the system rise time permits a burst of “minimum” 
duration to reach essentially its full amplitude. Because the 
rise time and bandwidth of an amplifier are related by the 
equation: 


the minimum bandwidth to detect a 0.5 ms burst is 
approximately: 


“ 0.4 . 

Ae (0.536102) 

Consequently, a | kHz bandwidth has been selected as a 

reasonable one for a burst-noise test system and, therefore, 
prescribes the need for a low-pass filter in the system. 

The test requirements outlined above can be imple- 

mented with the following circuit elements shown in the 


block diagram of Fig. 2a. Fig. 2b shows the complete system 
schematic: 


0.8 kHz. 
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Fig. 2a— Block diagram of burst-noise test set-up. 
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1. A fixed high-gain amplifier incorporating the DUT as the 
first stage to amplify the microvolt-level burst to an 
easily detectable level (this should be a burst noise-free 
unit); 

2. A low-pass filter to 
approximately | kHz, 

3. A comparator to produce a fast-rise high-level single- 
polarity output pulse whenever an input burst-noise 
pulse (of either polarity) exceeds a preset (but adjust- 
able) threshold level; 

4. A counter to tally the number of pulses emanating from 
the comparator during the test period: a single decade 
counter is adequate. 

5. A latch circuit which trips to the “latched” state when 
the count exceeds a preselected number (e.g. | to n). The 
latch circuit, if tripped, energizes an indicator lamp. 

6. A timer to control the period over which the counter is 
enabled. It should incorporate the capability to reset 
both the counter and the latch circuit at the beginning of 
each test period. 

7. Power supplies for the DUT and other auxiliary circuits. 


limit the test bandwidth to 


Test Conditions 

Some of the conditions which affect the burst-noise 
performance of the DUT include bias-level, source resistance 
(Rs), and ambient temperature (Tq). 

The quiescent operating conditions in operational 
amplifiers are normally set by the magnitude of the positive 
and negative supplies. Many of the newer Op-Amp types, 
however, have bias-terminals into which fixed currents can be 
injected to set their performance characteristics. The 
RCA-CA3060, CA3080, and CA3080A Operational Trans- 
conductance Amplifiers (OTA’s) and; the RCA-CA3078 and 
CA3078A Micropower Op-Amps are examples of such 
devices. For best low-frequency and burst-noise performance, 
these amplifiers should be operated at the lowest bias 
currents consistent with the gain-bandwidth requirements of 
the particular application. 

In the test for burst noise, the source resistance (Rs) seen 
by the input terminals of the DUT, is a key test parameter. 
Burst noise causes effects which are equivalent to a spurious 
current-source at the device input and, therefore, burst-noise 
current generates an equivalent input noise-voltage in 
proportion to the magnitude of the source resistance through 
which it flows. Accordingly, to increase the sensitivity of the 
test system, it is desirable to use the highest source resistance 
consistent with the input offset-current of the DUT. For 
example, an Op-Amp which has 0.1 uA input offset current 
could realistically be tested with source-resistance in the 
order of 1OOK22 (10 mV input offset), whereas a 1 MQ 
source-resistance (100 mV input offset) could cause excessive 
offset in the output. For 741 type Op-Amps a 100kQ 
resistance is recommended. 

Burst-noise generation in amplifiers is usually more 
pronounced at lower temperatures (particularly below 0°C). 
Consequently, consideration must be given to the tempera- 
ture of the DUT in relation to the temperature range under 


which the device is expected to perform in a particular 
operation. 

A test parameter of importance is the time duration of 
observation. Because the frequency of burst-noise occurrence 
is frequently less than once every few seconds, the minimum 
test period should be in the range of from 15 to 30 seconds. 


Pass-Fail Criteria 

A test system built to accommodate the test philosophy 
outlined above has the ability to reject or pass a DUT on the 
basis of two variables: burst-amplitude and the frequency of 
burst occurrence. The burst-amplitude which will trip the 
counter can be no lower than the background 1/f noise peaks 
of burst-free units, otherwise normal background noise will 
fail the DUT. 

The background noise peaks depend on the source 
termination Rs, the wide band 1/f noise figure of the DUT, 
and the test system bandwidth. A good estimate of the 
normal background noise-peak levels can be computed from 
the definition of noise factor and an empirically determined 
noise-crest factor of approximately 6:1. The crest-factor is 
the ratio of the maximum peak-noise voltage to the RMS 
noise voltage. The noise factor is defined as the ratio of the 
total noise power at the amplifier output to the output-noise 
power due to the source resistors alone. In terms of the RMS 
noise voltages at the input terminals of the amplifier this is 
equivalent to: 


; EZinput noise total _ (ENTj)2 
Noise Factor (F) = perce 
E2noise source resist (ENRS) 


EnqJj is the total input noise-voltage, i.e., the sum of noise 
generated in the source termination resistance and noise 
generated by the DUT. 


ENRs is that part of Eq; due to Rs alone. 


Therefore, Eq; = (WF) (ENRs)- (2) 


ENRs can be computed by using the well known expression 
for “white-noise” generated across the terminals of a resistor 


(R): 
ENR(RMS) = V/V 4kTBR (3) 


where k = Boltzmans Constant = 1.372 x 10773 j/°K 
T = Absolute Temperature in 9K 
B = Noise Bandwidth in Hz 


R = Value of the resistor in ohms. 


Thus, at a room temperature of 290°K 


ENR(RMS) = 1.28 x 10°19,/BR 


For example, a 100 kQ2 resistor preceding a system with a 
bandwidth of | kHz will generate a noise-voltage of 


(1.28x 1019) (/103- 105) =1.28uVpMs 


Both inputs of an Op-Amp are usually terminated in Rs, 
hence it is necessary to combine the effects of both resistors 
to determine the effective ENR, at the input of the DUT. 
Because the noise voltages from these two resistors are 
uncorrelated their voltages must be added vectorally rather 
than algebraically. 


EnRs (effective) = V(EnR,,)* + (ENR,»)? (4) 


because ENR.) = ENR,» when R,j = Rg 
ENRsg (effective = (/2) (ENRs) 
and for 1 kHz bandwidth at 290°K 
ENRs (effective) = (\/2) (1.28 wV) = 1.81 uVpMs. 
If in this example, the DUT has a wideband 1/f noise figure of 


4 dB (2.5:1 power ratio) the total RMS background 
noise-voltage at the input will be 


DUT 
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(VF) (EnRs) (from eq.(2)) 
(\/2.5) (1.81) = 2.9 uVpMs 


ENTi = 


If a crest factor of 6:1 is assumed, the peaks of the 
background noise will be approximately (6) (2.9) = 17 pV 
peak. This voltage is the lower limit of the burst-amplitude 
rejection level. A reasonable threshold for burst detection 
and rejection might be 50-100% greater than this minimum 
value. 

An alternate method used to set the burst-threshold limit 
involves a direct measurement (at the output of the high gain 
amplifier-filter combination) using a storage oscilloscope or a 
“true RMS” voltmeter. By this method the noise peak or 
RMS noise voltage of burst-free units is determined. This 
measurement provides a good practical check on the 
accuracy of the computation outlined above. Selection of the 
acceptable number of burst counts in the test period is 
arbitrary, but dependent on the type of application intended 
for the DUT. To be acceptable in some critical applications, 
the DUT may not generate even a single burst-pulse in a 
relatively long period of time. 


Burst-Noise Test System Circuits 
1. High gain Amplifier — Filter 


Fig. 3 shows the schematic diagram of the high-gain 
amplifier-filter which provides a fixed gain of 80 dB with a 
12 dB octave roll-off above 1 kHz. The gain-function is 
somewhat arbitrarily distributed between the DUT and 


Sea dB Traps 50 dB GAIN a LOW PASS FILTER saben 
(PASSBAND BELOW IkHz) 


36 K 1% 


Fig. 3— Schematic diagram of high-gain amplifier /filter. 
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post-amplifier: 30dB and S5OdB respectively. This distri- 
bution is based on the need for sufficient gain in the DUT 
portion to eliminate significant noise-signal contributions 
from the second stage while simultaneously allowing ade- 
quate loop-gain in each stage to provide accurate gain-setting 
with precise external resistors. The first stage is shown as a 
plug-in module so that any type of DUT configuration having 
30 dB gain can be tested. 

The capacitive coupling employed provides a low 
frequency cutoff of about | Hz and eliminates the need for 
dc-offset zero-adjustments. The dc offset-voltage at the filter 
output is less than 5mV which corresponds to less than 
0.5 wV error when referred to the noise input (an 80 dB gain 
is assumed.) Several seconds must be allowed, however, for 
the DC operating point to stabilize after the power is applied 
to the DUT. 


2. Bi-Polarity Comparator 


Fig. 4 shows the schematic diagram for the threshold- 
detecting comparator. Because bursts of either polarity must 
be detected and converted to positive output pulses, two 
comparators are required: one having a positive-threshold 
reference and the other having a negative-threshold reference 
of equal magnitude. The RCA CA3060 triple OTA is 
convenient to use because a single package provides circuits 


NOISE SIGNAL 
FROM AMPLIFIER FILTER IN FIG. 3 


+EREF 62 K 


for both comparators plus a reference inverter for the 
negative threshold reference. The positive feedback provided 
by the Rr and R; connections produces a hysteresis effect 
with reference to the input switching threshold, (i.e., the 
comparator does not return to its quiescent state until the 
input noise signal drops well below the initial threshold 
trip-level). This feature is necessary to prevent multiple 
triggering by the background noise signals superimposed on 
top of the burst-noise pulse. By this means, multiple 
counting of a single burst-noise pulse is avoided. 

The magnitude of the threshold reference voltage Ep 
determines the burst-level which trips the comparator. If a 
voltage gain of 80 dB is provided by the amplifiers, a 200 mV 
reference voltage will enable the circuit to be triggered when 
a burst-noise pulse (whose amplitude is equivalent to the 
level of 20 uV referred to the DUT input) is present. 


3. Counter-Latch-Timer Control Circuits 


The remaining circuits of the go-no-go burst-noise tester 
are shown in Fig. 5. The decade-counter is incorporated in a 
single COS/MOS IC (RCA CD4017AE) which has clock, 
reset, and enable inputs, and an output terminal for each of 
ten count-positions (0 to 9). A carry-out signal is available if 
the use of more than a single decade is desired. The clock 
input-signal must be positive-going and have a magnitude of 
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Fig. 4— Schematic diagram of threshold-detecting comparator. 
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Fig. 5— Counter-latch-timer-control circuit schematic. 


at least 70% of the supply-voltage and rise-time equal to or 2. power supply transients, 
less than 15 ws. The comparator shown in Fig. 4 provides an 3. electromagnetic pick up of switching transients. 
output signal which meets these requirements. 

Selection of the reject count is made by a pin-jack 
connection of the latch-circuit input-lead to the appropriate 
output terminal of the counter. Whenever the selected 
count-position voltage goes “high” the latch-circuit is 


Sixty-Hertz hum is introduced by capacitive or inductive 
coupling or as power-supply ripple. Power-supply ripple is 
not normally a problem when testing operational amplifiers 
with regulated supplies, because the Op Amps generally have 


switched to the latched-state, and the fail-indicator lamp 
“on”. The latch and lamp will remain “on” until the reset 
button of the electronic timer is switched to the “Timer On” 
position. This action provides a momentary reset signal (~ 
20 ms) to both the latch and counter circuits and places a 
continuous enable voltage on the counter for the duration of 
the test period. 


Spurious Noise Sources and Their Suppression 

The very low current levels and the high source 
impedances normally used for burst testing render the system 
highly susceptable to external spurious noise sources. This 
problem is particularly serious if a test unit is going to be 
rejected for as little as one or two input burst-noise pulses 
exceeding 20-30 wV. The major sources of spurious noise 
encountered in the development of this test system were: 


1. 60-Hz hum pickup, 


good power-supply rejection. This source of noise must be 
considered, however, when testing devices that do not have 
good inherent power-supply rejection. Capacitive or induc- 
tive coupling of hum can occur when 60-Hz line cord leads 
are within a few inches of the input terminals of the DUT. 
Precautions, such as proper lead dress and twisting of the 
60-Hz leads, eliminate this problem. 

Power-supply transients, as distinguished from power- 
supply ripple, can be of sufficient amplitude to introduce 
detectable noise pulses at the operational amplifier input. 
Such transients are produced when other equipment on the 
same ac line is switched on or off. A typical power-supply 
rejection ratio for an operational amplifier is 50 wV/V (i.e. a 
1 volt transient on the power-supply is equivalent to a SO uV 
noise pulse at the DUT input). This example demonstrates 
that the test system cannot tolerate power-supply transients 
greater than approximately 100 mV even when testing units 
with good power-supply rejection. Unless the power-supply is 
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known to be free of such transients, a battery-operated 
system is recommended. Even when this system is battery- 
operated, “On-Off” switching of nearby equipment intro- 
duces detectable transients into the system. These problems 
are eliminated by placing the test circuitry in a completely 
shielded enclosure with a hinged top for easy access to the 
test unit. The external noise problem is best solved by use of 
a shielded enclosure and by use of a battery-operated 
power-supply contained within the enclosure. Fig. 6 shows a 
photo of the circuit board layouts of the test unit. 
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Fig. 6— Photo of circuit-board layout. 
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Application of the RCA-CA3058 and 
RCA-CA3059 Zero-Voltage Switches 


in Thyristor Circuits 


by George J. Granieri 


The RCA-CA3059 zero-voltage switch is a monolithic 
integrated circuit used primarily as a trigger circuit for the control 
of thyristors. This multistage circuit employs a diode limiter, a 
threshold detector, a differential amplifier, and a Darlington 
output driver to provide the basic switching action. The dc supply 
voltage for these stages is supplied by an internal zener-diode- 
regulated power supply that has sufficient current capability to 
drive external circuit elements, such as transistors and other 
integrated circuits. This built-in power supply provides unique 
solutions to many application problems. An important feature of 
the CA3059 is that the trigger pulses developed by this circuit can 
be applied directly to the gate of a silicon controlled rectifier 
(SCR) or a triac. A built-in fail-safe circuit inhibits the application 
of these pulses to the thyristor gate circuit in the event that the 
external sensor for the integrated-circuit switch should be 
inadvertently opened or shorted. 


The RCA CA3058 is similar to the CA3059 but utilizes 


a dual-in-line ceramic package. For additional information on 
this device, see RCA data bulletin File No. 490. 


*See chart 
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zero-voltage switch. 


The CA3059 is particularly suited for use in thyristor 
temperature-control applications. The integrated circuit may be 
employed as either an on-off type of controller or a proportional 
controller, depending upon the degree of temperature regulation 
required. The availability of numerous terminal connections to 
internal. circuit points greatly increases the flexibility of the 
CA3059 and permits the circuit designer to exercise his creativity 
to employ the integrated switch in unique ways. This Note 
describes the operation of the CA3059 integrated-circuit switch and 
discusses its operation in thyristor power-switching and control 
circuits. 


CIRCUIT OPERATION 


Fig. 1 shows a functional block diagram of the CA3059 
integrated-circuit zero-voltage switch. Any triac that is driven 
directly from the output terminal of this circuit should be 
characterized for operation in the I(+) or III(+) triggering modes, 
i.e., with positive gate current (current flows into the gate for 
both polarities of the applied ac voltage). 
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The limiter stage of the CA3059 clips the incoming ac line 
voltage to approximately plus and minus 8 volts. This signal is then 
applied to the zero-voltage-crossing detector, which generates an 
output pulse during each passage of the line voltage through zero. 
The limiter output is also applied to a rectifying diode and an 
external capacitor that comprise the dc power supply. The power 
supply provides approximately 6 volts as the Vcc supply to the 
other stages of the CA3059. The on/off sensing amplifier is 
basically a differential comparator. The triac gating circuit contains 
a driver for direct triac triggering. The gating circuit is enabled 
when all the inputs are at a high voltage, i.e., the line voltage must 
be approximately zero volts, the sensing-amplifier output must be 
“high,” the external voltage to terminal 1 must be a logical “1,” 
and the output of the fail-safe circuit must be “high.” 


Fig. 2 shows the circuit diagram of the CA3059. The 
zero-voltage threshold detector consists of diodes D3, D4, Ds, and 
Dg, and transistor Q,. The differential amplifier consists of 
transistor pairs Q4-Q, and Q3-Q<. Transistors Q),Q6, Q,, Qs, and 
Qo comprise the triac gating circuit and driver stage. Diode Dj>, 
zener diode D,«, and transistor Qj constitute the fail-safe circuit. 
The power supply consists of diodes D7 and Dj, 3, and an external 
resistor and capacitor connected to terminals 5 and 2, respectively, 
and to ground through pin 7. If the transistor pair Q5-Q4 and 
transistor Q; are turned off, an output appears at terminal 4. 


Transistor Q) is in the OFF state if the incoming line voltage is less 
than approximately the voltage drops across three silicon diodes 
(2.1 volts) for either the positive or negative excursion of the line 
voltage. Transistor pair Q>-Qy is OFF if the voltage across the 
sensor, connected from terminals 13 to 7, exceeds the reference 
voltage from 9 to 7. If either of these conditions is not satisfied, 
pulses are not supplied to terminal 4. Fail-safe Operation requires 
that terminal 13 be connected to 14. The addition of hysteresis 
and elimination of half-cycling can be obtained by a resistive 
voltage divider connected from 13 to 8 and from 8 to 7. 


Fig. 3 shows the position and width of the pulses sup- 
plied to the gate of a thyristor with respect to the incoming ac 
line voltage. The CA3059 can supply sufficient gate voltage and 
current to trigger most RCA thyristors at ambient temperatures 
of 25°C. However, under worst-case conditions (i.e., at ambient- 
temperature extremes and maximum triggering requirements), 
selection of the higher-current thyristors may be necessary for 
particular applications. RCA bulletin File No. 406 lists Triacs 
suitable for use with the CA3058 or CA3059. For example, 
the RCA-2N5444 40-ampere triac has a maximum gate trigger 
voltage VGT(max) of 2.5 volts and a maximum gate trigger cur- 
rent IGT(max) of 80 milliamperes in the III(+) quadrant 
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Fig.2 - Circuit diagram for the CA3059 zero-voltage switch. 
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Fig.3 - Timing relationship between the output pulses of 
of the CA3059 and the ac line voltage. 


at 25°C. Because the CA3059 cannot guarantee a drive of 
80 milliamperes for a VGT of 2.5 volts, triac selection will be 
required. 


EFFECT OF CA3059 ON THYRISTOR LOAD 
CHARACTERISTICS 


The CA3059 is designed primarily to gate a thyristor that 
switches a resistive load. Because the output pulse supplied by the 
CA3059 is of short duration, the latching current* of the triac 
becomes a significant factor in determining whether other types of 
loads can be switched. (The latching-current value determines 
whether the triac will remain in conduction after the gate pulse is 
removed.) Provisions are included in the CA3059 to accommodate 
inductive loads and low-power loads. For example, for loads that 
are less than approximately 4 amperes rms or that are slightly 
inductive, it is possible to retard the output pulse with respect to 
the zero-voltage crossing by insertion of the capacitor C, from 
terminal 5 to terminal 7 as shown in Fig. 1. The insertion of 
capacitor C, permits switching of triac loads that have a slight 
inductive component and that are greater than approximately 200 
watts (for operation from an ac line voltage of 120 volts rms). 
However, for loads less than 200 watts (for example, 70 watts), it 
is recommended that the user employ the RCA-40526 sensitive- 
gate triac with the CA3059 because of the low latching-current 
requirement of this triac. 


For loads that have a low power factor, such as a solenoid 
valve, the user may operate the CA3059 in the de mode. In this 
mode, terminal 12 is connected to terminal 7, and the zero-crossing 
detector is inhibited. Whether a “high” or “low” voltage is 
produced at terminal 4 is then dependent only upon the state of 
the differential comparator within the CA3059 integrated circuit, 
and not upon the zero crossing of the incoming line voltage. Of 
course, in this mode of operation, the CA3059 no longer operates 
as a zero-voltage switch. However, for many applications that 
involve the switching of low-current inductive loads, the amount of 
RFI generated can frequently be tolerated. 


For switching of high-current inductive loads, which must be 
turned on at zero line current, the triggering technique employed 
in the dual-output over-under temperature controller and the 
transient-free switch controller described later in this Note is 
recommended. 


* The latching current is the minimum current required to sustain 
conduction immediately after the thyristor is switched from the 


OFF to the ON state and the gate signal is removed. 


FAIL-SAFE FEATURE 


As shown in Figs. 1 and 2, when terminal 13 is connected to 


terminal 14, the fail-safe circuit of the CA3059 is operable. If the — 


sensor should then be accidentally opened or shorted, power is 
removed from the load (i.e., the triac is turned OFF). The internal 
fail-safe circuit functions properly, however, only when the ratio of 
the sensor impedance at 25°C, if a thermistor is the sensor, to the 
impedance of the potentiometer R,, is less than 4 to 1. It is readily 


apparent that, if the potentiometer is adjusted for 1000 ohms and ~ 
the sensor is 100,000 ohms, the zener diode D, 5 (shown in Fig. 2)9 


would conduct because virtually all the dc power-supply voltage 
(from terminal 2 to terminal 7) would appear across the sensor. 
The CA3059 would then detect this condition as an open sensor. 


For ratios greater than 4 to 1, for example 100 to 1, the 
circuit shown in Fig. 4 may be employed to provide fail-safe 


operation. In this circuit, transistor Q, and diode D, are — 


components external to the CA3059. Transistor Q, detects the 
sensor current which maintains this transistor in saturation so that 
terminal 1 is effectively shorted to terminal 7 through the 
collector-to-emitter junction of the transistor. Transistor Q) 


provides sufficient current gain to permit operation with a sensor — 


impedance greater than 1 megohm. If the sensor becomes 
open-circuited, transistor Q,; turns OFF, and current then flows 
into terminal 1, the inhibit terminal of the CA3059, and results in 


the removal of power to the load. For the shorted-sensor — 


condition, the external diode D, conducts and causes triac Y, to 
turn OFF. Diode Dj compensates for variations in the base-to- 
emitter voltage of transistor Q, with temperature. Terminals 13 
and 14 on the CA3059 should not be connected when the external 
fail-safe circuit shown in this illustration is employed. 


HALF-CYCLING AND HYSTERESIS CHARACTERISTICS 


The method by which the CA3059 senses the zero crossing of 
the ac power results in a half-cycling phenomenon at the control 


Fig.4 - CA3059 on-off controller that uses an external 
fail-safe circuit. 
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Fig.5 - Half-cycling phenomenon in the CA3059. 


point. Fig. 5 illustrates this phenomenon. The CA3059 senses the 
zero-voltage crossing every half-cycle and an output, for example 
pulse No. 4, is produced to indicate the zero crossing. During the 
remaining 8.3 milliseconds, however, the differential amplifier in 
the CA3059 may change state and inhibit any further output 
pulses. The uncertainity region of the differential amplifier, 
therefore, prevents pulse No. 5 from triggering the triac during the 
negative excursion of the ac line voltage. 


Several solutions exist for elimination of the half-cycling 
phenomenon. If the user can tolerate some hysteresis in the 
control, then positive feedback can be added around the 
differential amplifier. Fig. 6 illustrates this technique. The tabular 
data in the figure lists the recommended values of R, and Ry for 
different sensor impedances at the control point. 


If a significant amount (greater than +10%) of controlled 
hysteresis is required, then the circuit shown in Fig. 7 may be 
employed. In this configuration, external transistor Q, provides a 
means for addition of positive feedback to the CA3059. It should 
be noted that the signal developed at the collector to Q, could 
perhaps be used to provide an auxiliary time-delay function. 


120 VAC 
fe) 


Fig.6 - CA3059 on-off controller with hysteresis. 
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fom 
Fig.7 - CA3059 on-off controller with controlled 
hysteresis. 


For applications which require complete elimination of 
half-cycling without the addition of hysteresis, the integral-cycle 
temperature controller described in a later section of this Note, 
which senses the zero-voltage crossing only once during the ac 
power cycle, can be used. 


TEMPERATURE CONTROLLERS 


Fig. 8 shows a triac used in an on-off temperature-controller 
configuration. The triac is turned on at zero voltage whenever the 


120 VAC 


Fig.8 - CA3059 on-off temperature controller. 


voltage V, exceeds the reference voltage V,. The transfer 
characteristic of this system, shown in Fig. 9(a), indicates 
significant thermal overshoots and undershoots, a_ well-known 
characteristic of such a system. The differential or hysteresis of this 
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system, however, can be further increased, if desired, by the 
addition of positive feedback. 


For precise temperature-control applications, the propor- 
tional-control technique with synchronous switching is employed. 
The transfer curve for this type of controller is shown in Fig. 9(b). 
In this case, the duty cycle of the power supplied to the load is 
varied with the demand for heat required and the thermal time 
constant (inertia) of the system. For example, when the 
temperature setting is increased in an “on-off” type of controller, 
full power (100 per cent duty cycle) is supplied to the system. This 
effect results in significant temperature excursions because there is 
no anticipatory circuit to reduce the power gradually before the 
actual set temperature is achieved. However, in a proportional 
control technique, less power is supplied to the load (reduced duty 
cycle) as the error signal is reduced (sensed temperature approaches 
the set temperature). 
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Fig.9 - Transfer characteristics of (a) on-off and (b) pro- 
portional control systems. 


Before such a system is implemented, a time base is chosen so 
that the ON-time of the triac is varied within this time base. The 
ratio of the ON-to-OFF time of the triac within this time interval 
depends on the thermal time constant of the system and the 
selected temperature setting. Fig. 10 illustrates the principle of 
proportional control. For this operation, power is supplied to the 
load until the ramp voltage reaches a value greater than the dc 
control signal supplied to the opposite side of the differential 
amplifier. The triac then remains OFF for the remainder of the 
time-base period. As a result, power is “proportioned” to the load 
in a direct relation to the heat demanded by the system. 
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Fig.10 - Principles of proportional control. 


For this application, a simple ramp generator can be realized 
with a minimum. number of active and passive components. It is 
noted that a ramp having good linearity is not required for 
proportional operation because of the nonlinearity of the thermal 
system and the closed-loop type of control. In the circuit shown in 
Fig. 11, ramp voltage is generated whenthe capacitor C, charges” 
through resistors Rg and R,. The time base of the ramp is 
determined by resistors Rj, and R3, capacitor C,, and the 
breakover voltage of the 1NS411 diac. When the voltage across C, 
reaches approximately 32 volts, the diac switches and turns on the 
2N3241A transistor. The capacitor C, then discharges through the | 
collector-to-emitter junction of the transistor. This discharge time 
is the retrace or flyback time of the ramp. The circuit shown can 
generate ramp times ranging from 0.3 to 2.0 seconds through 
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Fig.11 - Ramp generator. 
adjustment of R,. For precise temperature regulation, the time 
base of the ramp should be shorter than the thermal time constant 
of the system, but long with the respect to the period of the 60-Hz 
line voltage. Fig. 12 shows a triac connected for the proportional 
mode. 


P 


Fig. 13 shows a dual-output temperature controller that drives 
two triacs. When the voltage V, developed across the temperature-_ 
sensing network exceeds the reference voltage Vp ,, motor My 

; 


: 


Fig.12 - CA3059 proportional temperature controller. 


120 VAC 
60Hz 


Fig.13 - Dual-output, over-under temperature controller 
using two CA3059 integrated circuits. 


turns on. When the voltage across the network drops below the 
reference voltage Vp , My turns on. Because the motors are 
inductive, the currents Ij, and I,y> lag the incoming line voltage. 
The motors, however, are switched by the triacs at zero current, 
as shown in Fig. 14. 


The problem of driving inductive loads such as these motors 
by the narrow pulses generated by the CA3059 circuit is solved by 
use of the sensitive-gate RCA-40526 triac. The high sensitivity of 
this device (3 milliamperes maximum) and low latching current 
(approximately 9 milliamperes) permit synchronous operation of 
the temperature-controller circuit. In Fig. 13, it is apparent that, 
though the gate pulse V, of triac Y, has elapsed, triac Y> is 
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Fig.14 - Voltage and current waveforms for the dual- 
output temperature controller. 


switched on by the current through R,_;- The low latching current 
of the RCA-40526 triac results in dissipation of only 2 watts in 
Rj ;, a8 opposed to 10 to 20 watts when devices that have high 
latching currents are used. 


Electric-Heat Application 


For electric-heating applications, the RCA-2N5444 40-ampere 
triac and the CA3059 circuit constitute an optimum pair. Such a 
combination provides synchronous switching and effectively 
replaces the heavy-duty contactors which easily degrade as a result 
of pitting and wearout from the switching transients. The salient 
features of the 2N5444 40-ampere triac are as follows: 


(1) 300-ampere single-surge capability (for operation at 
60-Hz), 


(2) a typical gate sensitivity of 20 milliamperes in the I(+) 
and III(-) modes, 

(3) low ON-state voltage of 1.5 volts maximum at 40 
amperes, and 

(4) available Vp poy equal to 600 volts. 


Fig. 15 shows the circuit diagram of a synchronous-switching 
heat-staging controller that is used for electric heating systems. Loads 
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Fig.15 - Synchronous-switching heat-staging controller using a series of CA3059 integrated circuits. 
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as heavy as 5 kilowatts are switched sequentially at zero voltage to 
eliminate RFI and prevent a dip in line voltage that would occur if 
the full 25 kilowatts were to be switched simultaneously. 


Transistor Q, is used as a constant-current source to charge 
capacitor C in a linear manner. Transistor Q> acts as a buffer stage. 
When the thermostat is closed, a ramp voltage is provided at output 
E,. At approximately 3-second intervals, each 5-kilowatt heating 
element is switched onto the power system by its respective triac. 
When there is no further demand for heat, the thermostat opens, 
and capacitor C discharges through R, and R, to cause each triac 
to turn OFF in the reverse heating sequence. It should be noted 
that some half-cycling occurs before the heating element is 
switched fully ON. This condition can be attributed to the inherent 
dissymmetry of the CA3059 and is further aggravated by the 
slow-rising ramp voltage applied to one of the inputs. The timing 
diagram in Fig. 16 shows the turn-on and turn-off sequence of the 
heating system being controlled. 


Seemingly, the basic method shown in Fig. 15 could be 
modified to provide proportional control in which the number of 
heating elements switched into the system, under any given 
thermal load, would be a function of the BTU’s required by the 
system or the temperature differential between an indoor and 
outdoor sensor within the total system environment. That is, the 
closing of the thermostat would not switch in all the heating 
elements within a short time interval, which inevitably results 
in undesired temperature excursions, but would switch in only 
the number of heating elements required to satisfy the actual 
heat load. 


Integral-Cycle Temperature Controller (No half-cycling) 


If a temperature controller which is completely devoid of 
half-cycling and hysteresis is required, then the circuit shown in 
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Fig.16 - Ramp-voltage waveform for the heat-staging 
controller. 


Fig. 17 may be used. This type of circuit is essential for 
applications in which half-cycling and the resultant dc component 
could cause overheating of a power transformer on the utility lines. 


In the circuit shown in Fig. 17, the sensor is connected 
between terminals 7 and 9 of the CA3059. This arrangement is 
required because of the phase reversal introduced by SCR Yj. With 
this configuration, terminal 12 is connected to terminal 7 for 
operation of the CA3059 in the dc mode (however, the load is 
switched at zero voltage). Because the position of the sensor has 
been changed for this configuration, the internal fail-safe circuit 
cannot be used (terminals 13 and 14 are not connected). 


In the integral-cycle controller, when the temperature being 
controlled is low, the resistance of the thermistor is high and an 
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Fig.17 - CA3059 integral-cycle temperature controller in which half-cycling effect is eliminated. 
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output signal at terminal 4 of zero volts is obtained. The SCR(Y,), configuration. The pulse transformer T, isolates the sensor from 
therefore, is turned off. The triac (Y) is then triggered directly main terminal No. | of the triac Y,, and transformer T, isolates 
from the line on positive cycles of the ac voltage. When Y, is the CA3059 from the power lines. Capacitor C, shifts the phase of 
triggered and supplies power to the load R; , capacitor C is charged _ the output pulse at terminal 4 in order to retard the gate pulse 
to the peak of the input voltage. When the ac line swings negative, delivered to triac Y; to compensate for the small phase shift 
capacitor C discharges through the triac gate to trigger the triac on introduced by transformer T,. 

the negative half-cycle. The diode-resistor-capacitor ‘“‘slaving net- 

work” triggers the triac on negative half-cycles of the ac input 

voltage after it is triggered on the positive half-cycle to provide DIFFERENTIAL COMPARATOR FOR INDUSTRIAL USE 


only integral cycles of ac power to the load. Differential comparators have found widespread use as iimit 


When the temperature being controlled reaches the desired detectors which compare two analog input signals and provide a 
value, as determined by the thermistor, then a positive voltage level go/no-go, logic “one” or logic “zero” output, depending upon the 
appears at terminal 4 of the CA3059. The SCR then starts to relative magnitudes of these signals. Because the signals are often at 
conduct at the beginning of the positive input cycle to shunt the very low voltage levels and very accurate discrimination is 
trigger current away from the gate of the triac. The triac is then normally required between them, differential comparators in many 
turned OFF. The cycle repeats when the SCR is again turned OFF —_cases_ employ differential amplifiers as a basic building block. 
by the CA3059. However, in many industrial control applications, a_high- 


The circuit shown in Fig. 18 is similar to the configuration in Performance differential comparator is not required. That is, high 


Fig. 17 except that the fail-safe circuit incorporated in the CA3059 _ fesolution, fast switching speed, and similar features are not 
can be used. In this new circuit, the NTC sensor is connected essential. The CA3059 is ideally suited for use in such applications. 


between terminals 7 and 13, and transistor Q, inverts the signal Connection of terminal 12 to terminal 7 inhibits the zero-voltage 


output at terminal 4 to nullify the phase reversal introduced by the threshold Getector of the CA3059, and the circuit becomes a 
SCR (Y;). The internal power supply of the CA3059 supplies bias differential comparator. 

current to transistor Q,. Fig. 20 shows the circuit arrangement for use of the CA3059 
as a differential comparator. In this application, no external dc 
supply is required, as is the case with most commercially available 
integrated-circuit comparators; of course, the output-current 
capability of the CA3059 is reduced because the circuit is 
operating in the dc mode. The 1000-ohm resistor Rc, connected 


Of course, the circuit shown in Fig. 18 can readily be 
converted to a true proportional integral-cycle temperature 
controller simply by connection of a positive-going ramp voltage to 
terminal 9 (with terminals 10 and 11 open), as previously discussed 


in this Note. 

between terminal 4 and the gate of the triac, limits the output 
SENSOR ISOLATION current to approximately 3 milliamperes. 

For some applications, electrical isolation of the sensor from When the CA3059 is connected in the dc mode, the drive 


the incoming ac power lines may be desired. Fig. 19 shows sucha current for terminal 4 can be determined from a curve of the 
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Fig.18 - CA3059 integral-cycle temperature controller that features fail-safe 
operation and no half-cycling effect. 
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Fig.19 - CA3059 on-off controller with an isolated sensor. 


ZL 


ANY POWER 
FACTOR 


@) RCA 
mae sel oadinn . 
(3) CA3059 


Fig.20 - Differential comparator using the CA3059 inte- 
grated circuit. 


external load current as a function of dc voltage from terminals 2 
and 7. This curve is shown in the technical bulletin for the CA3059 
integrated circuit. Of course, if additional output current is 
required, an external dc supply may be connected between 
terminals 2 and 7, and resistor Ry (shown in Fig. 20 )may be 
removed. 


The chart below compares some of the operating 
characteristics of the CA3059, when used as a comparator, with a 
typical high-performance commercially available integrated-circuit 
differential comparator. 
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CA3059 Typical Integrated- 
PARAMETERS (typical values) Circuit Comparator (716 
1. Sensitivity 30 mV 2mV 
2. Switching speed > 20 Us 90 ns 
(rise time) 
3. Output drive *4.5V at<4mA 3.2V at<5.0mA © 
capability 


*Refer to Figure 20; Ry equals 5000 ohms. 


POWER ONE-SHOT CONTROL 


Fig. 21 shows a circuit which triggers a triac for one complete 
half-cycle of either the positive or negative alternation of the ac line 
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Fig.21 - Block diagram of a power one-shot control usin 


the CA3059. 


voltage. In this circuit, triggering is initiated by the push button 
PB-1, which produces triggering of the triac near zero voltage 
even though the button is randomly depressed during the ac 
cycle. The triac does not trigger again until the button is re- 
leased and again depressed. This type of logic is required for the 
solenoid drive of electrically operated Stapling guns, impulse 
hammers, and the like, where load-current flow is required for 
only one complete half-cycle. Such logic can also be adapted to 
keyboard consoles in which contact bounce produces trans- 
mission of erroneous information. 
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generated, but the state of QG determines the requirement for 
their supply to the triac gate. The first pulse generated serves as 
a ‘framing pulse’ and does not trigger the triac but toggles 
FF-1. Transistor Qg is then turned off. The second pulse 
triggers the triac and FF-1 which, in turn, toggles the second 
flip-flop FF-2. The output of FF-2 turns on transistor Q7, as 
shown in Fig. 22, which inhibits all further output pulses. When 
the pushbutton is released, the circuit resets itself until the 
process is repeated with the button. Fig. 23 shows the timing 
diagram for the described operating sequence. 
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Fig.22 - Circuit diagram for the power one-shot control. 


In the circuit of Fig. 21, before the button is depressed, both 
flip-flop outputs are in the “zero” state. Transistor Qg is biased 
ON by the output of flip-flop FF-1. The differential comparator 
which is part of the CA3059 circuit is initially biased to inhibit 
output pulses. When the push button is depressed, pulses are 
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Fig.23 - Timing diagram for the power one-shot control. 


SOLID-STATE TRAFFIC FLASHER 


Another application which illustrates the versatility of the 
CA3059, when used with RCA thyristors, involves switching 
traffic-control lamps. In this type of application, it is essential that 
a triac withstand a current surge of the lamp load on a continuous 
basis. This surge results from the difference between the cold and 
hot resistance of the tungsten filament. If it is assumed that triac 
turn-on is at 90 degrees from the zero-voltage crossing, the first 
current-surge peak is approximately ten times the peak steady-state 
value or fifteen times the steady-state rms value. The second 
current-surge peak is approximately four times the steady-state rms 
value. 


When the triac randomly switches the lamp, the rate of 
current rise di/dt is limited only by the source inductance. The 
triac di/dt rating may be exceeded in some power systems. In many 
cases, exceeding the rating results in excessive current concentra- 
tions in a small area of the device which may produce a hot spot 
and lead to device failure. Critical applications of this nature 
require adequate drive to the triac gate for fast turn-on. In this 
case, some inductance may be required in the load circuit to reduce 
the initial magnitude of the load current when the triac is passing 
through the active region. Another method may be used which 
involves the switching of the triac at zero line voltage. This method 
involves the supply of pulses to the triac gate only during the 
presence of zero voltage on the ac line. 


Fig. 24 shows a circuit in which the lamp loads are switched 
at zero line voltage. This approach reduces the initial di/dt, 
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decreases the required triac surge-current ratings, increases the 
operating lamp life, and eliminates RFI problems. This circuit 
consists of two triacs, a flip-flop (FF-1), the CA3059, and a diac 
pulse generator. The flashing rate in this circuit is controlled by 
potentiometer R, which provides between 10 and 120 flashes per 
minute. The state of FF-1 determines the triggering of triacs Y, or 
Y, by the output pulses at terminal 4 generated by the 
zero-crossing circuit. Transistors Q; and Q, inhibit these pulses to 
the gates of the triacs until the triacs turn on by the logical “1” 
(Vcc high) state of the flip-flop. 


The arrangement described can also be used for a synchro- 
nous, sequential traffic-controller system by addition of one triac, 
one gating transistor, a “divide-by-three” logic circuit, and 
modification in the design of the diac pulse generator. Such a 
system can control the familiar red, amber, and green traffic signals 
that are found at many intersections. 


120 VAC 
60 Hz 


TRANSIENT-FREE SWITCH CONTROLLER 


The CA3059 can be used as a simple solid-state switching 
device that permits ac currents to be turned on or off with a 
minimum of electrical transients and circuit noise. 


The circuit shown in Fig. 25 is connected so that, after the 
control terminals (14 and 7) are opened, electronic logic waits until 
the power-line voltage reaches a zero crossing before power is 
applied to the load Z, . Conversely, when the control terminals are 
shorted, the load current continues until it reaches a zero crossing. 
This circuit can switch a load at zero current whether it is resistive 
or inductive. 


The circuit shown in Fig. 26 is connected to provide the 
opposite control logic to that of the circuit shown in Fig. 25. That 
is, when the switch is closed, power is supplied to the load, and 
when the switch is opened, power is removed from the load. 
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Fig.25 - CA3059 transient-free switch controller in which 
power is supplied to the load when the switch is open. 
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In both configurations, the maximum rms load current that Ref 
can be switched depends on the rating of triac Y,. If Y> is an 
RCA-2N5444 triac, an rms current of 40 amperes can be switched. 


- 1. RCA bulletin File No. 479, “COS/MOS IC’s for 
Low-Voltage (3-15V) Applications. 
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Fig.26 - CA3059 transient-free switch controller in which 
power is applied to the load when the switch is closed. 
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The RCA-CA3059 zero-voltage switch is a monolithic 
silicon integrated circuit designed to control a thyristor in a 
variety of ac power switching applications. A previous 
Application Note (ICAN-4158) described several useful 
control systems in which the CA3059 was used as a thyristor 
trigger. This Note briefly describes the CA3059 circuit, 
explains the circuit functions and basic system configura- 
tions, and gives supplemental data for extending operation to 
220-volt, 50-to-60-Hz lines and temperatures from -40°C to 
+850C. It also discusses additional applications including the 
switching of inductive loads, the provision of negative gate 
current, operation with low-impedance sensors, and syn- 
chronous light flashers. 


CIRCUIT DESCRIPTION 


Operation of the CA3059 can best be explained by 
reference to the functional block diagram shown in Fig. 1 
and the schematic diagram shown in Fig. 2. In the following 
discussion, all voltages are referred to terminal 7. 


Bs dap) a 


| 
\CURRENT 
BOOST 


“NEGATIVE TEMPERATURE COEFFICIENT 


Fig. 1 - Functional block diagram of CA3059 integrated- 
circuit zero-voltage switch. 


Power to the circuit may be derived directly from the ac 
line, as shown in Fig. 1, or from an external dc power supply 
connected between terminals 2 and 7, as shown in Fig. 3. In 
the normal mode of operation, a dropping resistor Rg of 
5000 to 10,000 ohms is required to limit the current in the 
IC. The choice of resistor is a function of the average current 
drawn from the power supply, either by external circuits or 
by the thyristor trigger circuits, as shown in Fig. 4. 

The diodes Dj and D2 in Fig. 2 form a symmetrical 
clamp that limits the voltages on the chip to +8 volts; D7 and 
D}3 form a half-wave rectifier that develops a positive 
voltage on the external storage capacitor. When an external 
power supply is used to increase the current capability of the 
IC, care must be used to avoid exceeding the 14-volt 
breakdown voltage rating between terminals 2 and 5. This 
requirement is not a problem if the supply voltage is 6 volts 
or less. If higher supply voltages are required, terminal 5 
must be shorted to terminal 7 and the line synchronizing 
voltage applied to terminal 12 through a resistor of 10,000 
ohms or more, as shown in Fig. 3. 

The functions of the other blocks in Fig. 1 can best be 
understood by consideration of the normal state of a 
thyristor gating circuit as its ON state, in which current is 
being delivered to the triac gate through terminal 4. The 
other circuit blocks inhibit the gating circuit unless certain 
conditions are met. In the ON state, Qg and Qo are 
conducting, Q7_ is off,and Q¢ is on. Any action that turns 
Q7 on removes the drive from Qg and allows the thyristor to 
turn off. Q7 may be turned on directly by application of a 
minimum of +1.2 volts at 10 microamperes to the 
EXTERNAL INHIBIT terminal 1. (If a voltage of more than 
2 volts is available, external resistance must be added to 
limit the current to 10 milliamperes.) Diode Dj@Q isolates the 
base of Q7 from other signals when an external inhibit signal 
is applied so that this signal is the highest priority command 
for normal operation. (Although grounding of terminal 6 
creates a higher-priority inhibit function, this level is not 
compatible with normal DTL or TTL logic levels.) Q7 may 
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Fig. 2 - Schematic diagram of CA3059 Zero-voltage switch. 
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Fig. 3 - Operation of the CA3059 from an external dc 
power supply connected between terminals 2 and 7. 


also be activated by turning off Q¢ to allow current to flow 
from the power supply through R7 and DjQ into the base. 
Q6 is normally held on by current flowing into its base 
through R2,Dg, and Dg when Q| is off. 

Q} is a portion of the zero-crossing detector. When the 
voltage at terminal 5 is greater than +3 volts, current can 
flow through Rj, D6, the base-to-emitter junction of Qj), and 
D4 to terminal 7 to turn on Q} and inhibit the pulse. For 
negative voltages with magnitudes greater than 3 volts, the 
current flows through Ds, the emitter-to-base junction of 
Q), D3, and Rj, and again turns Q] on. Q) is off only when 
the voltage at terminal 5 is less than the threshold voltage of 
approximately 2 volts. When the CA3059 is connected as 
shown in Fig. 1, therefore, Output occurs in a narrow pulse 
which is approximately centered about the zero-voltage time 


DC SUPPLY VOL TAGE —Vv 
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Fig. 4 - DC supply voltage as a function of external load 
current for several values of dropping resistance Ry. 


in the cycle, as shown in Fig, 5. In some applications, 
however, particularly those using either slightly inductive or 
low-power loads, the thyristor load current does not reach 
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Fig. 5 - Waveform showing ou tput-pulse duration of CA3059. 
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the holding current by the end of this pulse. Fig. 6 shows 


how an external capacitor between terminal 5 and 7 can be 
used to delay the pulse to accommodate such loads. The 


amount of pulse stretching and delay is shown in Figs. 7(a) 
and 7(b). 


120 V RMS 
60 Hz 


ALL RESISTANCE 
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Fig. 6 - Use of a capacitor between terminals 5 and 7 
to delay the output pulse of the CA3059. 


Continuous gate current can be obtained if terminal 12 is 
connected to terminal 7 to disable the zero-crossing detector. 
In this mode, Q] is always off. This mode of operation is 
useful when comparator operation is desired or when 
inductive loads must be switched. (If the capacitance in the 
load circuit is low, most RFI is eliminated.) Care must be 
used to avoid overloading of the internal power supply in this 
mode. A sensitive-gate thyristor should be used and a resistor 
placed between terminal 4 and the gate of the thyristor to 
limit the current. 


THE ON-OFF SENSING AMPLIFIER 


The discussion thus far has considered only cases in 
which pulses are present all the time or not at all. The 
differential sense amplifier consisting of transistors Q7, Q3, 
Q4, and Q5 makes the CA3059 a flexible power-control 
circuit. The transistor pairs Q2-Q4 and Q3-Q5 form high-beta 
composite p-n-p transistors in which the emitters of Q4 and 
Qs5 act as the collectors of the composite devices. These two 
composite transistors are connected as a differential amplifier 
with R3 acting as a constant-current source. The relative 
current flow in the two “collectors” is a function of the 
difference in voltage between the bases of Q? and Q3. 
Therefore. when terminal 13 is more positive than terminal 
9, little or no current flows in the “collector” of Q2-Q4; 
when terminal 13 is negative with respect to terminal 9, most 
of the current flows through that path and none in terminal 
8. When current flows in Q7-Q4, the path is from the supply 
through R3, through Q9-Q4, through the base-emitter 
junction of Qj], and finally through Dq to terminal 7. 
Therefore, when V 3 is equal to or more negative than Vo, 
Q] is on and output is inhibited. 


In the circuit shown in Fig. 1, the voltage at terminal 9 is 
derived from the supply by connection of terminals 10 and 
11 to form a precision voltage divider. This divider forms one 
side of a transducer bridge, with Rp and the NTC sensor 
forming the other. At low temperatures, the large value of 
the sensor causes terminal 13 to be positive with respect to 
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Fig. 7 - Curves showing effect of external capacitance on 
(a) the total output-pulse duration, and (b) the time from 
zero crossing to the end of the pulse. 


terminal 9 so that the thyristor fires on every half-cycle and 
power is applied to the load. As the temperature increases, 
the sensor resistance decreases until a balance is reached and 
V13 approaches Vg. At this point, Q?-Q4 turns on and 
inhibits any further pulses. The controlled temperature is 
adjusted by variation of the value of Rp. For cooling service, 
either the positions of Rp and the sensor may be reversed or 
terminals 9 and 13 may be interchanged. 


The low bias current of the sensing amplifier permits 
operation with sensor impedances of up to 0.1 megohm at 
balance without introduction of substantial error (i.e., 
greater than 5 per cent). The error may be reduced if the 
internal bridge elements R4 and Rs§5 are not used but are 


eee ee eee 


replaced with resistors which equal the sensor impedance. 
The minimum value of sensor impedance is restricted by the 
current drain on the internal power supply; the curves shown 
in Fig. 4 should be consulted when low-impedance sensors 
are used. Operation with sensors as low as 300 ohms may be 
obtained with a 5000-ohm series resistor. Slightly better 
sensitivity can be realized if Rg is reduced to 4000 ohms. 


ADDING HYSTERESIS 


Because the logic circuitry of the CA3059 causes a 
decision concerning power delivery to be made on each 
half-cycle, it is possible that power may be required for an 
odd number of half-cycles once equilibrium is reached. In 
systems with relatively fast response times (less than 1 
second), a substantial dec component might be placed on the 
power line and cause heating of any isolation or distribution 
transformers. This problem may be reduced by introducing 
hysteresis into the system, as shown in Fig. 8. A “dead zone” 
of 10 per cent of the sensor impedance may be achieved by 
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Fig. 8 - CA3059 on-off controller with hysteresis. 


use of a sensor resistance Rg of 0.1 megohm, an Ry value of 
0.2 megohm, and an R? value of 18000 ohms. A decrease 
in the R2 value reduces the effect. With a 5000-ohm sensor 
impedance, values of 12000 ohms for Ry and R?2 yield a 
S-per-cent dead zone. A more eleborate system (described in 
ICAN-4158) is required if the degree of hysteresis must be 
accurately controlled. 


PROPORTIONAL CONTROL 


The ON-OFF nature of the control shown in Fig. | causes 
some overshoot that leads to a definite steady-state error. 
The addition of hysteresis adds further to this error factor. 
However, the connections shown in Fig. 9(a) can be used to 
add proportional control to the system. In this circuit, the 
sense amplifier is connected as a free-running multivibrator. 
At balance, the voltage at terminal 13 is as shown in Fig. 9 
(b). When this voltage is more positive than the threshold, 
power is applied to the load so that the duty cycle is 
approximately 50 per cent. With a 0.1-megohm sensor and 
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Fig. 9 - Typical heating control with proportional control: 
(a) schematic diagram, and (b) waveform of voltage at 
terminal 13. 


values of Rp = 0.1 megohm, R2 = 10,000 ohms, and Cext. = 
10 microfarads, a period greater than 3 seconds is achieved. 
This period should be much shorter than the thermal time 
constant of the system. Changing the value of any of these 
elements changes the period, as shown in Fig. 10. As the 
resistance of the sensor changes, the voltage on terminal 13 
moves relative to V9. A cooling sensor moves Vj3 in a 
positive direction. The triac is ON for a larger portion of the 
pulse cycle and increases the average power to the load. 
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Fig. 10 - Effect of variations in time-constant elements on 
period. 


As in the case of the hysteresis circuitry described, some 
special applications may require more sophisticated systems 
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to achieve either very precise regions of control or very long 
periods (see ICAN-4158). 


FAIL-SAFE OPERATION 


A special feature of the CA3059 is the inclusion of a 
fail-safe circuit which removes power from the load if the 
sensor either shorts or opens. However, use of this circuit 
places certain constraints upon the user. Specifically, fail-safe 
operation is guaranteed under the following conditions: 


1. The circuit configuration of Fig. 1 is used. with an 
internal supply, no external load on the supply, and terminal 
14 connected to terminal 13. 


2. The value of Rp and of the sensor resistance must be 
between 2000 ohms and 0.1 megohm. 


3. The ratio of sensor resistance and Rp must be greater 
than 0.25 and less than 4.0 for all normal conditions (if 
either of these ratios is not met with an unmodified sensor, a 
series resistor or a shunt resistor must be added to avoid 
undesired activation of the circuit). 

Fail-safe operation may be applied to other systems 
when operation of the circuit is understood. The fail-safe 
circuit consists of Dj2, D15, and Qjg. Dj? activates the 
fail-safe circuit if the sensor shown in Fig. 1 shorts or drops 
too low in value, as follows: Q¢ is on during an output pulse 
so that the junction of Dg and Dj? is 3 diode drops 
(approximately 2 volts) above terminal 7. As long as Vj 4 is 
more positive or only 0.15 volt negative with respect to that 
point, D}2 does not conduct and the circuit operates 
normally. If the voltage at terminal 14 drops to 1 volt, the 
anode of Dg can have a potential of only 1.6 to 1.7 volts, 
and current does not flow through Dg,Dg,and Q6; the 
thyristor then turns off. The actual threshold is approxi- 
mately 1.2 volts at room temperature, but decreases 4 
millivolts per degree C at higher temperatures. As the sensor 
resistance increases, the voltage at terminal 14 rises toward 
the supply voltage. At a voltage of approximately 6 volts, the 
zener diode Dj5 breaks down and turns on QjQ, which then 
turns off Q¢ and the thyristor. If the supply voltage is not at 
least 0.2 volt more positive than the breakdown of D 15, 
activation of the fail-safe circuit is not possible. For this 
reason, loading the internal supply may cause this circuit to 
malfunction, as may selection of the wrong external supply 
voltage. Fig. 11 shows a guide for the proper operation of the 
fail-safe circuit when an external supply is used. 


SUPPLEMENTAL CHARACTERISTICS DATA 


The characteristics curves shown in Fig. 12 are similar to 
curves shown in the published data for the CA3059 (RCA 
File No. 397, dated 10/69), but have been extended to cover 
the entire operating range from -40°C to +859C. Fig. 13 
presents data required for operation of the CA3059 from the 
220-volt, 5O-Hz lines which are common in Europe and from 
the 220-to-240-volt, 60-Hz lines which are commonly used 
for high-power applications in the United States. Although 
the CA3059 may be operated from any line voltage or 
frequency, the characteristics of the output pulse change for 


different line voltages and frequencies. Figs. 13(a) and (b) 
show relative pulse width and location of the zero-voltage 
crossing when a 10,000-ohm series dropping resistor is used. 
Figs. 13(c) and (d) show the same information for an 
increased resistor value of 20,000 ohms. 
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Fig. 11 - Operating regions for built-in protection circuits. 


APPLICATIONS OF THE CA3059 


The early sections of this Note described the basic 
operation of the CA3059 in heating control systems. The 
circuit is adaptable to many other control functions by 
variation of the type of sensor used or by the use of the 
inputs of the differential amplifier to detect the difference 
between two externally developed voltages. A previous 
Application Note (ICAN-4158) describes the following use- 
ful CA3059 systems: 


1) a controller with an external fail-safe circuit for use 
when the sensor does not meet the requirements for 
use of the internal circuit, 

2) a controller with provisions for accurate setting of 
hysteresis, 

3) a proportional control system with an external ramp 
generator, 

4) a dual-output, over-under temperature controller, 

5) a heat staging controller, 

6) a circuit which eliminates half-cycling, 

7) acircuit with an isolated sensor, 

8) a power one-shot control, 

9) asynchronously switched traffic flasher, 

10) transient-free switch controllers. 


Although most of these circuits illustrate a heating control 
circuit, they are all adaptable to other control functions by 
change of the control logic or sensor. 


SWITCHING INDUCTIVE LOADS 

For proper driving of a thyristor in full-cycle operation, 
gate drive must be applied soon after the voltage across the 
device reverses. When resistive loads are used, this reversal 
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Fig. 12 - Characteristics curves of the CA3059 extended 
to cover the operating range from -40 to +85°C. 
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occurs as the line voltage reverses. With loads of other power 
factors, however, it occurs as the current through the load 
becomes zero and reverses. 


There are several methods for switching an inductive 
load at the proper time. If the power factor of the load is 
high (i.e., if the load is only slightly inductive), the pulse may 
be delayed by addition of a suitable capacitor between 
terminals 5 and 7, as described in the published data for the 
CA3059. For highly inductive loads, however, this method is 
not suitable and different techniques must be used. 


One technique is suggested in the circuit description 
section of this Note. If gate current is continuous, the triac 
automatically commutates because drive is always present 
when the voltage reverses. This mode is established by 
connection of terminals 7 and 12. The zero-crossing detector 
is then disabled so that current is supplied to the triac gate 
whenever called for by the sensing amplifier. Although the 
RFI-eliminating function of the CA3059 is inhibited when 
the zero-crossing detector is disabled, there is no problem if 
the load is highly inductive because the current in the load 
cannot change abruptly. 

The limitation to this mode of operation is that the 
internal power supply cannot deliver a large average current: 
therefore, a sensitive-gate triac is required. Because these 
triacs have somewhat limited load-carrying capacity, this 
approach cannot be used universally. 


The previous Note ICAN-4158 showed circuits which 
used a sensitive-gate triac to shift the firing point of the 
power triac by approximately 90 degrees. If the primary 
load is inductive, this phase shift corresponds to firing at zero 
current in the load. However, changes in the power factor of 
the load or tolerances of components will cause errors in this 
firing time. 

The circuit shown in Fig. 14 uses a CA3018 inte- 
grated-circuit transistor array to detect the absence of load 
current by sensing the voltage across the triac. The internal 
zero-crossing detector is disabled by connection of terminal 
12 to terminal 7, and control of the output is made through 
the external inhibit input, terminal 1. The circuit permits an 
output only when the voltage at point A exceeds two VBR 
drops or 1.3 volts. When A is positive, Q3 and Q4 conduct 
and reduce the voltage at terminal | below the inhibit state. 
When A is negative, Q] and Q2 conduct. When the voltage at 
point A is less than +1.3 volts, neither of the transistor pairs 


conducts; terminal | is then pulled positive by the current in 
R3 and output is inhibited. 


The circuit of Fig. 14 forms a pulse of gate current in the 
manner described below, and can supply high peak drive to 
power triacs with low average current drain on the internal 
supply. The gate pulse will always last just long enough to 
latch the thyristor so that there is no problem with delaying 
the pulse to an optimum time. As in other circuits of this 
type, RFI results if the load is not suitably inductive because 
the zero-crossing detector is disabled and initial turn-on 
occurs at random. 

The gate pulse forms because the voltage at point A 
when the thyristor is on is less than 1.3 volts; therefore, the 
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Fig. 13 - Relative pulse width and location of zero-voltage crossing for 220-volt operation. 


output of the CA3059 is inhibited, as described above. The 
resistor divider Rj and R92 should be selected to assure this 
condition. When the triac is on, the voltage at point A is 
approximately one-third of the instantaneous on-state 
voltage (vf) of the thyristor. For most RCA thyristors, vT 
(max) is less than 2 volts and the divider shown is a 
conservative one. When the load current passes through zero, 
the triac commutates and turns off. Because the circuit is still 
being driven by the line voltage, the current in the load 
attempts to reverse, and voltage increases rapidly across the 
“turned-off” triac. When this voltage exceeds 4 volts, one 
portion of the CA3018 conducts and removes the inhibit 
signal to permit application of gate drive. Turning the triac 
on causes the voltage across it to drop and thus ends the gate 
pulse. If the holding current has not been attained. another 
gate pulse forms, but no discontinuity in the load current 
occurs. 


PROVIDING NEGATIVE GATE CURRENT 


Triacs trigger with optimum sensitivity when the polarity 
of the gate voltage and the voltage at the main terminal 2 are 
similar (I+ and III- modes). Sensitivity is degraded when the 
polarities are opposite (I- and III* modes). Although RCA 
triacs are designed and specified to have the same sensitivity 
in both I- and III+ modes, some other types have very poor 
sensitivity in the III* condition. Because the CA3059 
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Fig. 14 - Circuit for switching inductive loads. 
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supplies positive gate pulses, it may not directly drive some 
higher-current triacs of these other types. 

The circuit shown in Fig. 15 (a) uses the negative-going 
voltage at terminal 3 of the CA3059 to supply a negative gate 
pulse through a capacitor. The curve in Fig. 15 (b) shows the 
approximate peak gate current as a function of gate voltage 
VG. Pulse width is approximately 80 microseconds. 


PEAK GATE CURRENT— mA 


0 =i) al Se) 
GATE VOLTAGE OV SN, 


(b) 

Fig. 15 - Use of the CA3059 to provide negative gate 
pulses: (a) schematic diagram; (b) peak gate current (at 
terminal 3) as a function of gate voltage. 


OPERATING WITH LOW-IMPEDANCE SENSORS 


Although the CA3059 can operate satisfactorily with a 
wide range of sensors, sensitivity is reduced when sensors 
with impedances greater than 20,000 ohms are used. Typical 
sensitivity is one per cent for a 5000-ohm sensor and 
increases to three per cent for a 0.1-megohm sensor. 

Low-impedance sensors present a different problem. The 
sensor bridge is connected across the internal power supply 
and causes a current drain. A 5000-ohm sensor with its 
associated 5000-ohm series resistor draws less than 1 milliam- 
pere. On the other hand, a 300-ohm sensor draws a current 


of 8 to 10 milliamperes from the power supply. 

Fig. 16 shows the 600-ohm load line of a 300-ohm 
sensor on a redrawn power-supply regulation curve for the 
CA3059. When a 10,000-ohm series resistor is used, the 
voltage across the circuit is less than 3 volts and both 
sensitivity and output current are significantly reduced. 
When a 5000-ohm series resistor is used, the supply voltage is 
nearly 5 volts and operation is approximately normal. For 
more consistent operation, however, a 4000-ohm series 
resistor is recommended. 


LOAD CURRENT—mA 


SUPPLY VOLTAGE—V 
Fig. 16 - Power-supply regulation of the CA3059 with a 
300-ohm sensor (600-ohm load) for two values of series 
resistor. 

SYNCHRONOUS LIGHT FLASHER 


The circuit shown in Fig. 17 is a simplified version of the 
system shown in the previous Note ICAN-4158, Flash rate 
is set by use of the curve shown in Fig. 10. If a more precise 
flash rate is required, the ramp generator described in the 
previous Note may be used. In this circuit, IC] is the master 
control unit and ICQ is slaved to the output of IC] through 


2) 
C 
RCA 


CA3059 


Fig. 17 - CA3059 synchronous light flasher. 


its inhibit terminal (terminal 1). When power is applied to 
lamp No. 1, the voltage of terminal 6 on IC] is high and IC2 
is inhibited by the current in Rx. When lamp No. 1 is off, 


IC is not inhibited and triac Y2 can fire. The power supplies 
operate in parallel. The on-off sensing amplifier in IC? in not 
used. 
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URGE 


Solid State 
Division 


Linear Integrated Circuits 


Application Note 
ICAN-6538 


Applications of the RCA-CA3062 


iC Photo-Detector and Power Amplifier 


in Switching Circuits 


by J. D. Mazgy 


The RCA CA3062 is a monolithic silicon integrated 
circuit consisting of a photosensitive detector and a switching 
amplifier with a pair of high current output transistors. This 
note describes how the CA3062 with only 3 resistors can 
provide a light activated switch which will drive a variety of 
practical loads; such as solenoids, relays, triacs, SCR’s, etc. 
“Normally ON” and “Normally OFF” outputs are available 
simultaneously. 


Circuit Description 

The circuit diagram and terminal connections for the 
CA3062 are shown in Fig. 1. The circuit consists of a 
photo-Darlington pair and a differential amplifier which is 
emitter-follower coupled to a pair of high-current output 
transistors, Qg and Q7. 


Circuit Operation 

The CA3062 is designed for operation from power 
supply voltages of 5 to 15 volts between terminal Nos. 4 and 
8, and voltages as high as 30 volts V+ on the output tran- 
sistors. 


The photo-detector system consists of four silicon tran- 
sistors Q, and Qo, with Qio and Q) 1 in a parallel-connected 
Darlington circuit. The Darlington configuration is used to 
provide maximum photo current from the available detector 
area. The area of each photo-transistor is 1.3 X 10° * cm*. 
However, the effective photo-sensitive area is 2.6 X 10~4em? 
because transistors Q, and Qj), of each Darlington con- 
tribute a relatively small percentage of the total photo- 
current. 


ALL RESISTANCE VALUES ARE IN OHMS 


Fig. 1 — Schematic diagram of CA3062. 


Fig. 2 shows a typical curve of photo-current in the collector 
and base as a function of light intensity. Fig. 3a & b shows 
the test set up used to obtain the data for Fig. 2. A typical 
spectral response curve of the photo sensitive Darlington is 
shown in Fig. 4. Fig. 5 shows typical rise and fall times for 
the photo detector output. 
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Fig. 2 — Typical lo, /p as a function of light intensity at 25°C. 


Fig. 3b — Collector current test set-up. 


Fig. 3 — Test circuits. 


The photo Darlington pair can be either emitter-coupled 
or collector-coupled to the differential amplifier consisting of 
Q2 and Q3 and constant current sink Qg, operating with a 
total current of 0.7mA as shown in Figs. 6a and 6b, 
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PHOTOCURRENT OUTPUT 
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Fig. 4 — Typical spectral response of photosensitive Darling- 
ton unit. 
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Fig. 5 — Typical photo-Darlington response. 


respectively. The emitter-coupled mode is generally recom- 
mended. However, there are applications in which the 
collector-coupled mode is advantageous. Examples of the 
collector-coupled mode are shown in Figs. 8,12 & 13. 

In a balanced condition Q? and Q3 are conducting 
0.35mA each, which sets the de voltage of each of the 
collectors of Q2 and Q3 at 0.7 volt below the three diode 
drops of Dj, D2 and D3. 


With the dc potential on collectors Q, and Q, deter- 
mined to be +1.4 volts above reference terminal No. 8, the 
voltage on the emitters of Q4 and Qs then is 0.7 volt below 
the respective base, and, therefore,+0.7 volt above the 
reference point. Thus, the base potentials of Q> and Q3 are 
set to +1.05 volts and +0.7 volt for Q6 and Q7, respectively. 
The emitter currents of Q4 and Qs are set to approximately 
2.33mA each under the balanced condition. 
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The input resistance at terminal No. | is approximately 
1.4kQ in the balanced mode with signals less than +25mV. 


Fig. 6a — Emitter Coupled. Fig. 6b — Collector Coupled. 
Fig. 6 — Methods of coupling photo-detector to amplifier 
portion of CA3062. 


Recommended Operating Circuit: 

To assure positive transistion between the “ON” and 
“OFF” states, Schmitt trigger operation is recommended. 

Schmitt trigger operation can be achieved by connecting 
the CA3062 as shown in the circuit of Fig. 7. Rf provides 
the positive feedback which causes Q3 to conduct and holds 
Q7in cut-off. A positive going voltage applied to terminal No. 
1 will result in a change of output state. Resistor Rg limits 
the drive to the differential amplifier when high light levels 
are encountered. Rg is chosen to insure that the voltage at 
terminal No. 1 does not exceed 1.9 volts. If this voltage is 
exceeded, Q6 will turn on. This overdrive condition causes 
both output transistors to be “ON”. (Q6@ is supposed to be 
cutoff when the voltage at terminal No. | is more positive 
than the voltage at terminal No. 7). If the “Normally ON” 
output at terminal No. 2 is not being used, resistor R, is not 
required, and terminal Nos. 2 and 3 should be left 
unconnected. (See Fig. 7.) The magnitude of the threshold 
voltage and the amount of hysteresis provided are deter- 
mined by the value of the feedback resistor Rf. (See 
appendix for calculations.) 
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Fig. 7 — Schmitt-circuit. 


Typical Applications 


Latched Memory Circuit 


A latched memory system can be used to stop clocks, 
record an intrusion, or activate light-actuated dark-room 
controls. 


+10V 


SOURCE 


Fig. 8 — Latched memory circuit > 


Circuit Operation of Latched Memory 

The initial conditions are: terminal No. 2 at “high”- 
output-voltage and terminal No. 6 at “low”-output-voltage. 
This condition is assured by the 30kQ Resistor (R3), which 
biases Q> on, Q6 off and Q7 on. When a light pulse is 
received, Q} turns on and takes base drive away from Q2, 
turning on Q¢@ thereby reversing the initial conditions. Q6 
remains on because terminal No. | is now more negative than 
terminal No. 7. Momentary interrupting of V+ will reset the 
circuit. 


The photo current required to trigger a typical circuit is: 


+ 
fast A 9 e 
lp = ——= = (300) (10~©) ampere 
3 R3 (30) (1073) 


More exactly: 


iV BE VB21 + 60mV 


1B3= 
R3 Rp2 
9 60x 10-3 300x 10-6 60x 10-6 
Ip3= + ——_ = ———__ + —— = 312x 10-6 
30x 10*3 5x 10-3 1 5 
+7.5 VOLTS 
ire 100 ka 
Vo 
LIGHT 


C=100-l|O00 pF 


Fig. 9 — Circuit for slow speed counting level control, 
position sensor and end-of-tape control. 
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or an I¢ produced by approximately 50 lumen/ft2 at the B. Triac Control With Safety Feature Providing Automatic 
photo-detector input. (See Fig. 3.) Shut Off And Alarm. 


Fig. 9 shows a circuit for a Photo-Detector Counting 
Control, Position Sensor or End-of-Tape Control. 


+10 VOLTS 


Fig. 12 — Triac automatic shut off and alarm. 


Fig. 10 — Isolator circuit. 

In this system ac is supplied to the load as long as the 
light source is ‘ton’. If the light path to the CA3062 is 
broken, then the ac to the load and light source is opened, 
thereby activating the alarm circuit. The system can be reset 

TRIAC CONTROL SYSTEMS with the push-button shown. 


A. Light Activated Triac Control 
= ame Oro C. Triac Intrusion Alarm System. 


If the light path is broken or the ac is interrupted, the alarm 
system will be activated, provided the battery is adequately 


+10 VOLTS 


charged. 
PHOTO The V+ acts as a charging circuit for the battery while 
the circuit is operating from the ac supply. 
LIGHT tad 
Asoka) OLTS 
> 
hee BATTERY ™ 
SOURCE 


*SEE DESCRIPTION 
BELOW 


C=!00-1000 pF 


Fig. 11 — Light activated triac control. 


An Optically Coupled Isolator Circuit, used to transfer 
signals that are at substantially different voltage levels, is 
shown in Fig. 10. Both polarity outputs are available. 
Current transfer ratios of as high as 10:1 can be achieved 
with this circuit. The design equations for this system are the A ae ap 
same as those presented in the appendix. Fig. 13 — Triac intrusion alarm system. 
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APPENDIX 


In general, Schmitt circuits have three voltages of 
interest. 

V] trigger: the voltage required to trigger the Schmitt 
from state I to state II. 

ViI trigger: the voltage required to trigger the Schmitt 
from state II back to state I. 

V hysteresis: the difference between the Vj trigger and 
V2 trigger. The hysteresis voltage for the configuration 
described is altered by the internal feedback of the CA3062 
circuit which modifies the hysteresis expression. 


Fig. a shows a typical configuration for operation as a 
Schmitt-Circuit. 


Fig. a — Schmitt-circuit 
The trigger potential (Vj) to go from state I to state II 


+ 
(V" —Vp3))Rp3 V3] 
—________—__ + ——__: 
Rp3 + Rpt Rp 1 


Where state I is defined as the case with pin 6 at a “high” 
output voltage, with no light into the Darlington photo- 
detector. State II is defined as the case with pin 6 at a “low” 
output voltage, with no light into the Darlington photo- 
detector. 


V| trigger = 


and: V. = 1.050 V Rpy = R,//R 
B21 ‘ B2 # 5 (Refer to Fig. 1) 
Vp2> = 0.700 V 


The trigger potential (V]]) to go from state II back to 
state I is-- 


VB32 (YRB32 — Vsat) Rp3 


V7, trigger = 
TT see Regt Ry 
The hysteresis voltage of the CA3062 Schmitt system is: 
+ 
(V" — Vg31) Rg3 - Vp31~--¥B22 ~~ VB21 
V hysteresis =|] —————_——___— + ——— + ——— - ——_— 
Rp3 t+ Ret+Ry 1 1 1 


VB32 (YB32 — Vsat) Rp3 


The light intensity required to switch from state I to 
state II is determined from Fig. 2, which shows the number 
of lumens/ft2 necessary to generate Icy. 


UOXSIG Lian) Sitad 
Icy = r 
Rp. 5X10 
where 
+ 
(V' — Vp31) Rp3 Vp31 = -YB21 
VSIG: 1 "gc as 1  a 


To determine the lumens/ft2 required to go from state II 
back to state I, it is necessary to calculate VsjG q] + VB22, 
(the voltage required to cause the Schmitt circuit to switch). 


Voc cca nee By a ae 
SIG Us$./B226 qn? Re 
phideaee 2s ee 


Thus: 


(VB32 — Vsat) Rp3 


Vsic 1 = YB32 - 


Ragicke 
and: 
ek YSIG Ile SIG 0 
CS" = ee 
Rae 5k 


The rate at which Vgj rises is governed by the response 
of the photo Darlington pair. 
VsIG during the rise time assumes a value: 


=f 


Vic = Vm (l-e RO); 


where Vin is the maximum signal voltage developed across 
terminal No. 1 and reference terminal No. 8 for any given 
light intensity. [See Fig. 4.]. 


The rise time of a typical photo Darlington of the 
CA3062 is: 


loge 


where R=40 X 106 and C=8 X 10-12 and Ve any part of 
Vay 


APPENDIX (cont’d.) 


By setting Vo = VsIc I the delay time, fa, of the 
pulse output of the Schmitt circuit can be determined for 
any given light intensity. 


The rate at which the photo Darlington output decreases 


teat 
VIG = ¥ i e RC 
Thus the fall time is 
Vim. 
RC log V’, 
t = 
f loge 
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Setting Vo = VsIG Ip then te becomes tq which is turn off 
delay time, or the time the Schmitt circuit turns off with 
respect to the time the light input to the photo Darlington 
has been turned off..See Fig. b. 


LIGHT SOURCE | | 


tg ty 
PHOTO | | 
DARLINGTON OUTPUT 
SCHMITT TRIGGER 
CIRCUIT OUTPUT 


Fig. b — Waveforms for rise and fall response. 
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NGAI 


Solid State 
Division 


MOS Field-Effect Transistors 


Application Note 
AN-3193 


Application Considerations for the RCA 3N128 
VHF MOS Field-Effect Transistor 


F. M. Carlson 


Early MOS field-effect transistors were intended 
primarily for low-frequency applications in which their 
extremely high input impedance is advantageous,* and 
were not designed to be useful in the vhf range (30 to 
300 MHz). Recently, however, RCA has developed 
high-frequency MOS transistors that exhibit high gain 
and low noise at vhf, together with very low feedback 
capacitance and cross-modulation distortion that ap- 
proaches the low levels of electron tubes. The low 
level of cross-modulation distortion is a particularly 
important characteristic in view of the increasing con- 
gestion of the communications frequency bands. 


This note describes applications and vhf circuit 
considerations for a new high-frequency n-channel MOS 
field-effect transistor, the RCA3N128. Biasing require- 
ments and basic circuit configurations are discussed, 
and selection of the optimum operating point and meth- 
ods of automatic gain control areexplained. The cross- 
modulation and intermodulation distortion characteris- 
tics of the 3N128 MOS transistor are compared to those 
of bipolar transistors, and procedures are given for the 
design of a practical vhf amplifier that uses the 3N128. 


Biasing Requirements and Circuit Configurations 


The biasing requirements and operating charac- 
teristics of an n-channel MOS transistor such as the 


* The basic theory of MOS transistors and equivalent circuits 
for these devices are discussed in RCA Application Note 
AN-201, ‘‘Application Considerations for RCA 3N98 and 
3N99 Silicon MOS Transistors,’’ by D. M. Griswold. 


3N128 are similar to those of an electron tube. For 
example, the 3N128 uses positive drain voltages and 
usually negative gate voltages which are analogous to 
the plate and grid voltages, respectively, of electron 
tubes. In addition, the current-voltage characteristics 
of the 3N128, shown in Fig.1, are similar to those of a 
pentode tube. An electron-tube analogy, therefore, can 
be useful in the analysis of the n-channel 3N128 MOS 
transistor. ' 
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Fig.] - Transfer characteristics for the RCA 3N128 
vhf MOS transistor. 


Although their characteristics are similar, MOS 
transistors have several important advantages over 
electron tubes. They can be operated at the low volt- 
ages typical of bipolar transistors. The de gate cur- 
rent of MOS transistors is substantially less than the 


t The electron-tube analogy does not apply to p-channel MOS 
transistors or to enhancement types. 


grid current of most electron tubes. In addition, the 
MOS transistor requires no heat-generating filament. 


MOS transistors are most often used in the common- 
source type of circuit configuration. Fig.2 shows three 
basic methods of dc-biasing an MOS transistor in a 
common-source circuit. MOS transistors may also be 
used in common-gate or common-drain (source-follower) 
configurations. These circuits are not widely used 
in vhf applications, however, because their gain is 
low at high frequencies. 


Fig.2 - Bias methods for common-source MOS transistor 
stages: (a) fixed bias; (b) source-resistor bias; 
(c) constant-current bias. 


Fig.3 shows a 200-MHz common-source amplifier 
used to measure the rf power gain of the MOS transis- 
tor. This amplifier uses amodified form of the constant- 
current biasing arrangement shown in Fig.2(c). With 
this modified biasing arrangement, both the insulated 
gate and the case of the MOS transistor are operated 
at dc ground potential. The insulated gate should 
always have a dc path to ground even if the path is 
through a multimegohm resistor. If the gate is allowed 
to float, the resultant dec bias conditions may be un- 
predictable and possibly harmful. 
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O5-3pF 


O 
-14V +16V 


Ly =4-1/2 turns of No.20 wire, 3/16 inch in dia., 
1/2 inch long, tapped at 1 turn 


L2 =3-1/2 turns of No.20 wire, 3/8 inch in dia., 
1/2 inch long 


* Leadless disc capacitor 


Fig.3 - 200-MHz common-source amplifier. 


Fig.4 illustrates the effect of the leakage resis- 
tances Ri; and Ry,» when the insulated gate is float- 
ing. When these resistances (~1014 ohms) are approx- 
imately equal, they form a voltage divider which biases 
the insulated gate at +Vpp/2. This value of bias 
voltage may exceed the maximum rating for positive 
gate voltage and, in addition, may cause an excessive 
flow of drain current. 


c----c 


+ 


Yoo 


ss | 


Ri} »RLo = LEAKAGE RESISTANCES 


Fig.4 - Bias conditions for an MOS transistor 
when the insulated gate is floating. 


The cascode configuration represents a useful 
variation of common-source circuit. In this configura- 
tion, a common-source-connected MOS transistor is 
used in the lower section of the cascode, and acommon- 
gate-connected MOStransistor is used in the upper sec- 
tion. Fig.5 shows the use of MOS transistors in a 200- 
MHz cascode amplifier. This circuit normally requires 
a negative voltage on the gate of Q1, a positive voltage 
on the gate of Qo, and approximately equal drain-to- 
source voltages for each transistor. Although the gate 
of Qo may require a positive voltage of 5 to 10 volts, 
the net gate-to-source voltage for this transistor should 
be approximately 0 to -1 volt. 
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Fig.5 - 200-MHz cascode amplifier. 


Selection of Operating Point 


The operating point selected determines the power 
gain, noise figure, power dissipation, and, where appli- 
cable, battery life. In many applications, a compromise 
between gain and available supply voltages or battery 
lifetime is necessary. Knowledge of the variation in 
gain and noise figure as functions of voltage and cur- 
rent is essential, therefore, before an operating point 
can be selected. 


The 3N128 provides maximum rf power gain at a 
drain-to-source voltage Vps of approximately 20 volts 
and a drain current Ip of about 5 milliamperes. The 
transistor also exhibits a minimum noise figure at a 
Vps of 20 volts for a drain current of about 2 milli- 
amperes. The difference in the noise figures obtained 
at 2 milliamperes and at 5 milliamperes, however, is 
very small (usually between 0 and 0.2 dB) and generally 
is not a significant factor in the selection of the opera- 
ting point. Although a Vpg of 20 volts represents the 
optimum value for the 3N128 in terms of both rf power 
gain and noise figure, this value is also the maximum 
Vps rating for the transistor. Greater long-term relia- 
bility is achieved, therefore, by operation of the 3N128 
at a Vps of 12 to 15 volts rather than at 20 volts. 


For a Vps of 15 volts and an Ip of 5 milliamperes, 
the 3N128 typically provides a power gain of 18 dB and 
a noise figure of 4 dB at 200 MHz. Operation of the 
3N128 at considerably lower drain currents, such as 
those normally employed in battery-powered equipment, 
does not seriously affect system performance. For 
example, when the transistor is operated at a Vps of 
15 volts and an Ip of only 1 milliampere, the power gain 
and noise figure at 200 MHz are typically 15.5 dB and 
4.5 dB, respectively. Because the MOS transistor is a 
voltage-controlled device, its performance for a given 
power dissipation can often be improved by operation 
at high voltage and low current levels. At a power 


dissipation of 30 milliwatts, for example, the 3N128 
typically provides a power gain of 17.3 dB and a noise 
figure of 3.9 dB when operated at 15 volts and 2 milli- 
amperes. At the same dissipation level, however, the 
power gain is reduced to 14.6 dB and the noise figure 
is increased to 4.7 dB when the 3N128 is operated at 6 
volts and 5 milliamperes. Fig.6 shows the variations 
in power gain and noise figure of the 3N128 as func- 


tions of the drain current and voltage. 
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Fig.6 - Power gain and noise figure of the RCA 3N128 


at 200 MHz as functions of drain current and voltage. 


A gate voltage Vg of between -0.5 and -2 volts is 
normally required to bias a 3N128 for operation at a 
drain voltage Vp of 15 volts and a drain current Ip of 
5 milliamperes. If a fixed-bias circuit, as shown in 
Fig.2(a), is used, the value of the gate voltage must 
be adjustable to compensate for variations among indi- 
vidual transistors. For the source-resistance bias cir- 
cuit shown in Fig.2(b) the value of the biasing resistor 
should be 200 ohms (5 mA x 200 ohms = 1 volt). The 
source-resistance circuit will limit the variations in 
current among the different transistors to approximately 


50 per cent. With the constant-current bias circuit 
shown in Fig.2(c), variations in current from one tran- 
sistor to another can easily be limited to less than 
10 per cent. Regardless of the bias circuit or the bias 
point selected, there is no danger of thermal runaway 
with the 3N128 because this transistor has a negative 
temperature coefficient at the zero-gate-bias point. In 
the selection of the bias circuit for an MOS transistor 
stage inwhich automatic gain control is employed, con- 
sideration should be given to the following principle: 
The more restrictive the tolerance imposed on quiescent 
operating-point current, the more difficult automatic 
gain control of the stage becomes because the self- 
compensating action of the constant-current bias circuit 
also resists current changes that result from the age 
action. 


AGC Methods 


When it is necessary to employ age in an MOS 
transistor stage, either of two methods may be used to 
reduce transistor gain. In one method, referred to as 
reverse agc, the reduction in gain is accomplished by 
an increase in negative gate bias. In the other method, 
the gain is decreased by reduction of the drain-to- 
source voltage. 


In the reverse age method, the application of higher 
negative voltage to the gate reduces the drain current 
and the transconductance of the transistor. The low 
feedthrough capacitance of the 3N128 (typically about 
0.13 picofarad) usually permits more than 30 dB of gain 
reduction at frequencies up to 200 MHz. Substantially 
greater gain reduction can be achieved at lower fre- 
quencies or in neutralized amplifier circuits. 


Gain reduction achieved by the decrease of drain- 
to-source voltage is usually controlled by a variable 
impedance in series, or in shunt, with the MOS tran- 
sistor. The variable impedance may be another MOS 
transistor or a bipolar transistor. A major disadvantage 
of this method is that the MOS feedback capacitance 
rises by a factor of 4 or 6 times as Vp approaches 
zero. This increase in capacitance reduces the age 
range obtainable and decreases the effectiveness of 
a fixed neutralization network. In addition, the output 
impedance of the 3N128 decreases with a reduction in 
the drain voltage. 


In the cascode circuit, age is accomplished most 
effectively by application of a negative voltage to the 
gate of the upper (common-gate) section. A wide age 
range can be obtained in this circuit. Gain reductions 
greater than 45 dB at 200 MHz or 65 dB at 60 MHz are 
realizable in an unneutralized cascode circuit. 


RF Considerations 


One of the prime advantages of the 3N128 MOS 
transistor over bipolar transistors is its superior cross- 
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modulation, intermodulation, and modulation distortion 
performance. The 3N128 has considerably lower feed- 
back capacitance than junction-gate field-effect tran- 
sistors. In addition, the 3N128 maintains a high input 
resistance at frequencies well into the vhf range (the 
real part of the input admittance, Re(y 11) = 0.15 mmho 
at 100 MHz). 


At maximum gain, the cross-modulation distortion 
of the 3N128 is approximately one-tenth that of most 
bipolar transistors, or roughly comparable to the cross- 
modulation performance of vacuum tubes (at 200 MHz, 
an interfering signal of approximately 80 millivolts is 
required to produce cross-modulation distortion of 1 per 
cent). However, cross-modul ation susceptibility changes 
as the gain of the stage is changed. For a single 
3N 128, the cross-modulation distortion increases when 
reverse age is applied; the distortion is also increased, 
but to a lesser extent, if age action is achieved by re- 
duction of the drain-to-source voltage. A deterioration 
in cross-modulation performance at high attenuation 
results from the fact that the MOS triode is a sharp- 
cutoff device; as a result, large non-linearities occur 
near ‘“‘pinch-off.’’ Beyond ‘‘pinch-off,’’ the transad- 
mittance depends primarily upon the capacitive feed- 
through, which does not have large third-order non- 
linearities. Cross-modulation performance at the ex- 
treme limits of attenuation, therefore, is very good. 1! 
In cascode stages, the effect of reverse age on cross- 
modulation distortion is reduced when the age is applied 
to the gate of the common-gate stage; application of 
reverse bias to the gate of the common-source stage 
results in cross-modulation performance similar to 
that of a single triode-connected stage. Figs.7 and 8 
show the variation in cross-modulation susceptibility 
as a function of agc. The test circuits used to measure 
cross-modulation distortion of MOS transistors are 
shown in Fig.9. 


INITIAL BIAS CONDITIONS 
TRIODE: Vp =!5 V, Ip=5mA 
CASCODE: Vp=20 V, Ip=!OmA 


foes 7200 MHz 
= 150 MHz 
UNTUNED INPUT 


ATTENUATION — dB 


50 100 
INTERFERING SIGNAL — mV 


Fig.7 - Cross-modulation distortion as a function 
of the attenuation produced by reverse agc. 
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ATTENUATION — dB 


INITIAL BIAS CONDITIONS 


DESIRED FREQUENCY = 200MHz 
Vps*I5V Ip=5mA 


INTERFERING FREQUENCY =ISOMHz 
UNTUNED INPUT 


TRIODE- CONNECTED 
(NEUTRALIZED) 


beans lt CONNECTED 
(UNNEUTRALIZED) 


ett 
fale I, 


INTERFERING SIGNAL — mV 


Fig.8 - Cross-modulation distortion as a function 
.f the attenuation produced when age is accom- 
plished by areduction of drain-to-source voltage. 


The test circuit shown in Fig.10is used to measure 


the intermodulation distortion of MOS transistors. In 


such measurements, the receiver is tuned to 150 MHz. 
The MOS is then inserted, and bias voltages are ap- 
plied. When no signals are applied (i.e., the amplitudes 


of the signals f, and fg are both 0 volts), the rf indicator 
of the receiver indicates an equivalent input noise 


level of approximately 2.4 microvolts. The signals 


f, and f2 are gradually increased in amplitude until the 
reading on the rf indicator is 1 microvolt above the 
noise level (3.4 microvolts total). 


This reading indi- 
cates that 2.4 microvolts of 150-MHz signal is being pro- 


duced by the interaction of f1 and fg (i.e., 2 f1- fg =150 


MHz). Table I lists the de bias levels used for the 
3N128 MOS transistor and the amplitude of the f; and 
fo signals required to produce an output, at 150 MHz, 


of 2.4 microvolts, which corresponds to 1 microvolt 


above the input noise level. The amplitudes of f; and 


f2 were measured by an rf vacuum-tube voltmeter; the 


f; generator was turned down for measurement of fo, 
and vice versa. 


Table | 


INTERMODULATION DISTORTION DATA 
FOR THE 3N128 MOS TRANSISTOR 


Interfering Voltages Required to Produce 
2.4 microvolts at 150 MHz 


VD Ip £1 (175 MHz) f2 (200 MHz) 
volts mA m mV 
16.5 10 18 18 
16.5 10 7 150 
16.5 5 15 15 
16.5 5 Sie: 150 
16.5 5 30 eS 
16.5 ys 19 21 


When the same test methods were used to measure 
the intermodulation distortion of bipolar transistors, 
distortion levels were found to be two to five times 
greater than those of the 3N128 MOS transistor. 


INTERFERING 


FREQUENCY 


(a) 


INPUT 


INPUT 


Ly =l10 nH 
Qy=300 


+Vp 


Fig.9 - Test circuits used to measure cross-modulation 
distortion in MOS transistors: (a) block diagram; 
(b) unneutralized-stage test circuit; 

(c) neutralized-stage test circuit; 

(d) cascode-stage test circuit. 


Designing VHF MOS Amplifier Circuits 


A complete set of graphs of typical y parameters, 
both as a function of frequency at constant bias and as 
as a function of bias at constant frequency, are given 
in the published data for the 3N128 MOStransistor. The 
application of these y parameters in the design of the 
200-MH z amplifier shown in Fig.3 is discussed in fol- 
lowing paragraphs. 


For operation at a frequency of 200 MHz, an Ip of 


a 


OUTPUT TO 
502 RECEIVER 
INPUT 


Fig.10 - Test circuit used to measure intermodulation 
distortion in MOS transistors. 


5 milliamperes, and a Vp of 15 volts, the y parameters 
of the 3N128 are typically as follows: 


y11 (input admittance with output short-circuited) 
= 0.45 + j7.2 mmhos 


Yoo (output admittance with input short-circuited) 
= 0.28 + j1.75 mmhos 


Yo, (forward transfer admittance with output short- 
circuited) = 7.0 - }1.9 mmhos 


Y 9 ‘reverse transfer admittance with input short- 
circuited) = 0 - j0.16 mmhos 


If yj5 is assumed to be zero, the maximum available 
power gain (MAG) under conjugately matched conditions,* 
may be computed. MAG serves as a useful figure of 
merit for comparison of the vhf power gain of various 
MOS transistors. The MAG for the 3N128 is determined 
as follows: 


2 7.0-j1.9|? 
seal vail _|7.0-j1.9| 


ee =) 2d (1) 
ARe(y, )Re(yo) 4(0.45)(0.28) 


where Re means “‘the real part of.”’ 


All MOS transistors have a small, but measurable, 
feedback component (y;9); it is possible, therefore, 
that some of them will oscillate under certain circuit 
conditions. This possibility may be checked by use 
of methods given by Linvill2»4 and by Stern.3°4 If the 
transistor is unconditionally stable for any combination 
of passive source and load admittances, then Linvill’s 
critical stability factor C, as determined from the fol- 
lowing equation, is less than | 1 : 


: |¥21412| @2) 


* Conjugate match means that the transistor input and the 
generator and the transistor output and load are matched 
resistively and that all reactance is tuned out. 
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The critical stability factor for the 3N128 is calculated 
as follows: 


(7.0-}1.9)(0-j0.16)| 


£m” _ «= 2.08 
2(0.45)(0.28) - Re(7.0-j 1.9)(-j0. 16) 


Stern has derived a similar expression for stability 
Cg that includes the effect of the generator and load 
conductances, Mis and y; , respectively, as follows: 


|y21y12| 
Cg = Sh eh Pa Re Se a < J (3) 
Ay 14 y,) Relygot Yz,)-Relyo1Y 49) 
If a conjugate match is assumed at both the input and 
the output, then Re(y,) = Re(y;,), and Re(yL) = Re(yoo). 
For this condition, the stability factor is calculated 
as follows: 


\(7.0-j1.9)-j0. 16) | Sy 


CoS Ie CE aoe 
S “(0.45 +0.45)(0.28 +0. 28)-Re(7.0-j 1.9)(-j0.16) 1.31 


These calculations show that the transistor itself 
is not unconditionally stable, but that it is stable when 
placed in a conjugately matched circuit. Therefore, 
neutralization is not required, although it may be used 
if a more symmetrical pass-band characteristic is de- 
sired. All unneutralized amplifiers have a certain 
amount of skew in the selectivity characteristic; if 
this skewness becomes objectionable for the required 
application, then neutralization (or mis-matching) is 
necessary. 


When neutralization is desired, there are two com- 
mon methods of obtaining the required feedback. The 
first, and more common method, is the capacitance- 
bridge technique shown in Fig.11(a). The capacitance 
bridge becomes more apparent when the circuit is re- 
drawn as shown in Fig.11(b). The condition for neutral- 


Fig.11 - Capacitance-bridge neutralization circuit: 
(a) actual circuit configuration; (b) circuit redrawn 
to emphasize capacitance-bridge network. 
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ization is that ip = ip. 
following relationship: 


This condition implies the 


=, or Oryy =+On-y= (4) 


The voltage v,, is defined by the following equation: 


Vd ut Vd i Vd (5) 
Vv aN homer es: eee ae | Fa [gee RE TR TP ee 
Aten al) : 2LC1+1] jwCy -w2LC,+1 
joCy 
If this relationship for v, is substituted in Kq.(4), the 
following result is obtained: 


Vd 
= fe ew "bd 2 
Crvq 7 (aaa) or C., = -Cf-@ LC,+1) (6) 


At resonance, the equation for the neutralization capa- 
citance C, may be rewritten as follows: 


cx ¢, (= (8) 

nw Uf Co 
The other common method of neutralization is the 
transformer-coupled method shown in Fig.12. Again, 
the condition for neutralization is that if = ip. The 


requirements for this condition are expressed by the 
following equation: 


Vv -V 
je ay or CeVg = -Cp Vn (9) 
X¢ Xp 


Fig.12 - Transformer-coupled neutralization circuit. 


Eq.(9) may be rewritten in the following form: 


- (10) 


The required turns ratio for the coupling transformer 
can be determined from Eq.(10). 


The generator and load impedances must be matched 
to the transistor input and output impedances, respec- 
tively, to obtain maximum gain. For the 200-MHz ampli- 
fier shown in Fig.3, the generator resistance at the 
input is 50 ohms. For a conjugately matched input, 


the generator admittance y, and the real part of the 
transistor input admittance must appear to be equal. 
Because the generator admittance yg is 20 mmhos and 
the real part of the input admittance Re(yj11) is 0.45 
mmho, the coupling transformer must provide a trans- 
formation ratio of 44 to obtain the desired impedance 
match. The turns ratio required is determined as 
follows: 


No 


Nene 88 


Experimentally, a turns ratio of 4 was found to be ap- 
proximately the optimum value. This difference results, 
in part, from the fact that the parallel resistance of 
the tank coil was not considered in the calculation. 
At the output of the 200-MHz amplifier, the load is also 
50 ohms. Because the de drain voltage must be blocked 
from the load, a series matching capacitor was selected 
which performs both de blocking and resistive matching 
simultaneously. 


In the actual load-circuit network shown in Fig. 13(a), 
the value of capacitor Cg must be chosen so that the 
load admittance, yy, = 20 millimhos, is apparently equal 
to the real part of the transistor output admittance, 
Re(yg2) = 0.28 millimhos. Fig. 13(b) shows the equiva- 
lent circuit of the load-circuit network for this condition. 


eee Ps 

0.28 mmho 0.28 mmho 

—+> Zw R_ #502 —+ Yin Y¥_ 70.28 mmho 
(a) (b) 


Fig.13 - Output network in which series coupling 
capacitance is used for de-voltage blocking and 
resistive matching: (a) actual network; 

(b) electrical equivalent. 


The following equation gives the input impedance 
Zn for the network shown in Fig. 13: 


ZIN = Rg + (11) 


jwCg 
The input admittance y;,, therefore, may be expressed 
as follows: 


1 
Mari et 1? Gor (12) 


Bans 
IN Ruste 


joCg 


The terms in Kq.(12) are rearranged to obtain the fol- 
lowing result: 


1 ; 


R 
Rp jJw2CgRp joCg 


eee DOD 


The real and imaginary terms in Eq.(13) are equated to 
obtain the following relationships: 


R 
Bed iOp =] (14) 
1 
OCp Re ou = 0 (15) 
p 
1 


Cc, = ———-—— 16 
P ~ (wCgRpwRs) rh 


Eq.(16) is substituted into Eq.(14) to obtain the follow- 
ing equation for the matching capacitance Cg: 


1 1 
Cy = a a (17) 
Ww (Rp- Rg) Rs 


Substitution of numerical values for the parameters in 
Eq.(17) yields the following value for Cs: 


1 1 
So nee iene oun 
S ~ 9712x108) V (3600-50) 50 B 


Experimentally, a 3-picofarad capacitor was found to 
perform very satisfactorily in the amplifier. If Rp 77 
Rs, then Cp © Cg. Therefore, a 3-picofarad capacitance 
appears in parallel with the 1.4-picofarad capacitance 
of the MOS transistor. A small 1-to-9-picofarad variable 
air capacitor was selected for the tank tuning capacitor 
to compensate for variations among transistors. For a 
nominal value of 2 picofarads for the air capacitor, the 
total output capacitance is 6.4 picofarads. The induc- 
tance required to resonate with 6.4 picofarads at 200 
MHz is 0.1 microhenry. When the total output capaci- 
tance is known, the required neutralization capacitor 
can be calculated. If C1 is arbitrarily selected as 33 
picofarads, the neutralization is determined from Eq.(8), 


as follows: 


C or(S*) =02(22) = 10 pF 
s Father & eres Wi el ¢ soy ae apt 


The optimum value for the neutralization capacitor 
was determined experimentally by use of a small 
(0.5-to-3-picofarad) variable capacitor. This capacitor 
was adjusted to the optimum value for a typical unit 
(Crss = 0.13 pF) and then fixed. The required input 
inductance was found to be 0.06 microhenry. The com- 
pleted amplifier is shown schematically in Fig.3. The 
bandwidth of the amplifier is typically 8 MHz and shows 
negligible skew. 


The y parameters may also be used to design a 
cascode vhf amplifier such as the one shown in Fig.5. 
This circuit had typical power gain and noise figure 
of 17 dB and 4.2 dB, respectively. The amplifier has 
a bandwidth of 10 MHz with negligible skew. The capa- 
citance of the sources-drain, interconnection must be 
tuned out to achieve a good vhf noise figure. The noise 
figure of the cascode amplifier is 2 to 3 dB higher if 
this capacitance is not tuned out. 
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VHF Mixer Design Using the RCA-3N128 
MOS Transistor 


F.M. Carlson 


The 3N128 is a vhf MOS field-effect transistor 
suitable for use throughout the vhf band (30 to 300 MHz) 
as an amplifier, mixer, or oscillator. This Note dis- 
cusses some of the design criteria pertinent to the 
construction of MOS mixers, and presents an example 
of a complete vhf MOS converter. 


Mixer Design Considerations 


The conversion gain obtained from a mixer is the 
ratio of intermediate-frequency (if) power output divided 
by the radio-frequency (rf) power input. This conver- 
sion gain CG is usually expressed in dB, as follows: 


CG = 10 log tout 

rf Pin 
The value of CG approximates the gain of the active 
device operated as an amplifier (unneutralized) at the 
intermediate frequency, minus the rf losses at the 
input of the device. Practical mixers normally have a 
conversion gain of 3 to 5 dB less than their if-amplifier 
gain. 


The 3N128 transistor has good gain and noise 
figure throughout the vhf band. Because it also has a 
nonlinear region of operation, it may be used as a vhf 
mixer to provide good conversion gain. The transfer 
function of the 3N128, shown in Fig.1, indicates that 
the maximum nonlinearities occur at a drain current of 
about 1.5 milliampere. At drain currents above approxi- 
mately 5 milliamperes, the transfer function starts to 
become linear. No mixing action can occur if the 
transfer function is perfectly linear. Because the ampli- 


fier gain of the 3N128 is higher at 5 milliamperes than 
at 1.5 milliamperes, the best bias point for an MOS 
mixer iS a compromise between the region where best 
mixing occurs and the region where optimum if power 
gain occurs. For the 3N128, this point is empirically 
determined to be between 3.5 and 4.5 milliamperes. 


a 
(= 
| 

- 

z 

WwW 
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GATE -TO- SOURCE VOLTAGE—V 


Fig.] - Drain current as a function of gate-to-source 


voltage for the 3N128 vhf MOS transistor. 


The local-oscillator signal may be introduced into 
a 3N128 mixer at the insulated gate, the source, or the 
junction gate (substrate). Application of the oscillator 
signal to the junction gate can be very effective, but 
is not recommended because the junction gate of the 


3N128 is tied to the case; placing the transistor case 
at local-oscillator signal potential can pose possible 
radiation problems. 


Injection of the oscillator signal at the source is 
not desirable because the source should always be at 
rf/if ground for optimum gain, but couldnot be at ground 
at the oscillator frequency. Designing a network to 
meet these criteria is difficult and adds to the cost of 
the mixer. 


Injection of the oscillator signal at the insulated 
gate is the least troublesome of the three methods. The 
local oscillator may be coupled to the insulated gate 
by means of an inductive loop or a small coupling 
capacitor. 


The input circuit is normally designed for a con- 
jugate match with the input impedance of the MOS 
transistor at the radio frequency. The output circuit 
is normally designed for a conjugate match with the 
output impedance of the 3N128 at the intermediate 
frequency, unless electrical instabilities (oscillations) 
occur, in which case the output circuit must be mis- 
matched. Oscillations are not normally a problem in a 
3N128 mixer, provided the if and rf signals are rela- 
tively far apart in frequency. Under these conditions, 
the output circuit presents a low impedance to the rf 
signal, and the input circuit presents a low impedance 
to the if signal; consequently, oscillations at either 
frequency are unlikely to occur. 


Neutralization is not generally used in mixers 
because of the different frequencies at the output and 
the input. 
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Design Example 


A vhf receiver ‘‘front end’’ has been designed 
and built to demonstrate the preceding design consider- 
ations and to illustrate the use of the 3N128 vhf MOS 
transistor in all four stages: rf, mixer, if, and local 
oscillator. The complete converter, shown in Fig.2, 
uses an rf input frequency of 200 MHz and an if output 
frequency of 30 MHz. 


The input stage is a straight-through 200-MHz 
amplifier* employing a source resistor for gate bias. 
This configuration permits the gate to be at de ground, 
and greatly reduces the possibility of damage to the 
MOS gate from input transients. The 240-ohm resistor 
allows a current of approximately 5 milliamperes to 
flow through the device so that maximum vhf power 
gain is obtained. A variable inductor resonates with 
the output capacitance of the 3N128 to provide a band- 
width of approximately 12 MHz for the rf stage alone. 
(Narrower bandwidth could have been obtained by use 
of more capacitance in the tuned circuits and different 
loading on the output circuit; however, no particular 
effort was made to achieve very narrow bandwidth be- 
cause a wide bandwidth is desirable in some applica- 
tions.) Capacitive bridge neutralization is used to 
achieve the maximum allowable stage gain of 20 dB 
for the particular 3N128 used. 


The input coil of the mixer stage is designed to 
permit a conjugate match with the transistor input 
admittance. The input admittance y 11 of the 3N128 
at 200 MHz is approximately 0.45 + j 7.2 millimhos. 
Therefore, an admittance of yj1* (=0.45 - j 7.2 milli- 


30-MHz 
0001 OUTPUT 
05-3 e 
TP $316"D 
= 1/4T 
t IST 
3/i6 OD 1/4"0 | Q4 


CB 


(Bp 


NT i 
\aro*| 33 2000 | 2000 2500| 2000 
ie 
Z 
INPUT = = = = = 300 
(I-35 gr Ze 3002 
3/16"D ; 
TAP 2402 peo * 33/160 Ssion 2402 075 
34 ‘AT 4T Ab 
= 975.9 RFC 
: 75 
10004 2000 20004 RFc 3 10004 
* LEADLESS DISK +16 V 


4| TURN (340°) LOOP AROUND TANK COIL 


Fig.2 - VHF receiver ‘‘front end’’ using the 3N128 in all stages. 


* Design information for vhf MOS amplifiers is given in RCA Application Note AN-3193: 
‘*Application Considerations for the RCA-3N128 VHF MOS Field-Effect Transistor,’’ by F.M. Carlson, August 1966. 
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mhos) should be presented to the mixer input. A con- 
jugate match is not used at the output because it is 
desirable to load the input of the following (if) stage 
for stability. Therefore, a step-down transformer is 
used. (A conjugate match would require use of a step- 
up transformer because g11 > go9 at 30 MHz.) 


The local oscillator is coupled into the insulated 
gate of the mixer by means of an ungrounded 340-degree 
loop placed around the input tank coil at its high- 
impedance end. A small coupling capacitor could also 
be used for this purpose. Local-oscillator amplitude 
is approximately 1.4 volts rms into the coupling loop. 
Power gain of the mixer stage is 16 dB. Fig.3 shows 
the conversion gain of the mixer as a function of local- 
oscillator amplitude. A lower oscillator level than 
1.1 volts would probably be desirable if spurious output 
frequencies were found to be troublesome. 


5 
LOCAL OSCILLATOR AMPLITUDE —mv 


Fig.3 - Conversion gain of the mixer stage in Fig.2 
as a function of local-oscillator amplitude. 


A 510-ohm source resistor is used in the mixer 
stage to provide a drain current of 4 milliamperes. 
(This value is larger than would normally be expected 
for a drain current of this level because the gate is 
subjected to large signal excursions by the local 
oscillator.) 


The maximum available gain (MAG) of the 3N128 
at 30 MHz in a conjugately matched circuit (with y12 


assumed to be approximately zero) may be computed 
from the y-parameters for the device, as follows: 


y21)7 Ae nek 


MAG = ————— = ——_—__ 
4811899 4(0.03)(0.12) 


= 3610 = 35.6 dB 


The maximum usable gain (MUG) of the 3N128 in 
an unneutralized 30-MHz amplifier is computed as 
follows: 


0.4 (0.4)(7.2)(10-3) 
viv ry paces 


wCrss ~ (27)(30) 106 (0.13) 10-12 


If the 30-MHz stage is operated at a gain signifi- 
cantly above the MUG value, the possibility of circuit 
oscillation exists. Therefore, the input of the if stage 
is mismatched to reduce the stage gain from the MAG 
level to about 20 dB. (In some cases, it may be easier 
to mismatch at the output than at the input.) The out- 
put of the if stage is transformer-coupled to a 50-ohm 
load. 


The local-oscillator stage is a Colpitts circuit in 
which frequency is adjusted by means of a slug-tuned 
inductor. 


=118 =20.7 dB 


The complete converter has a power gain of 56 dB, 
a noise figure of 3 dB, and a bandwidth of 1.5 MHz. 
Spurious responses (referred to a level of 0 dB at the 
200-MHz input frequency) are -51dB at 100 MHz, -36 dB 
at 215 MHz, and -35 dB at 260 MHz. These spurious 
responses could be greatly improved by use of anarrower 
bandwidth in the rf stage; the present bandwidth is 
12 MHz at the 3-dB points. 


Table I shows measurements of cross-modulation 
of the converter as a function of frequency. 


Interfering Interfering Signal Voltage Necessary 
Frequency for 1% Cross-Modulation 
(MHz) (mV) 
50 160 
90 115 
100 87 
110 98 
120 97 
130 87 
140 78 
150 Tit 
160 65 
170 52 
180 39 
190 9 


Table | - Cross-modulation of MOS mixer. 
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AN-3452 


Chopper Circuits 
Using RCA MOS Field-Effect Transistors 


by 


F. M. Carlson 


Although electromechanical relays have long been 
used to convert low-level dc signals into ac signals 
or for multiplex purposes, relays are seriously limited 
with respect to life, speed, and size. Conventional 
(bipolar) transistors overcome the inherent limitations 
oi relays, but introduce new problems of offset voltage 
and leakage currents. This Note describes the use of 
MOS field-effect transistors in solid-state chopper and 
multiplex designs that have the long life, fast speed, 
and small size of bipolar-transistor choppers, but elimi- 
nate their inherent offset-voltage and leakage-current 
problems. 


Basic Chopper Circuits 


Chopper circuits are basically of either the shunt 
type or the series type, as shown in Fig.1, or a combina- 
tion of the two. 


The shunt chopper circuit, shown in Fig.1(a), 
operates as follows: When the switch S is opened, a 
voltage that is directly proportional to the input signal 
appears across the load. When the switch is closed, 
all of the input signal is shorted to ground. Therefore, 
if the switch is opened and closed periodically, the 
voltage across the load appears as a square wave that 
has an amplitude directly porportional to the input 
signal. This square wave may be highly amplified by a 
relatively drift-free, stable-gain ac amplifier. This 
procedure is generally used in low-level de amplifiers, 
i.e., a small dc input is chopped, the resulting ac signal 
is amplified, and the output of the ac amplifier is recti- 
fied to produce a dec output directly proportional to 
the input. 


The series chopper circuit, shown in Fig.1(b), can 
also be used to chop de signals. This type of circuitis 


particularly useful in telemetry or other systems in which 
a signal source such as a transducer is to be connected 
periodically to a load such as a transmitter. 


An ideal chopper is simply an on-off switch that 
has_ certain desirable characteristics. Table I lists 


Lo 


SIGNAL 
SOURCE 
(AC OR OC) 


SIGNAL 
SOURCE 
(AC OR DC) 


LOAD LOAD 


(b)— SERIES CHOPPER 


(a)——- SHUNT CHOPPER 


Fig.1 - Basic chopper circuits. 


Available Chopper Devices 
Ideal Chopper Compared to Ideal 
Characteristics 


Electromechanical 


MOS Bipolar 


Relay 
Infinite Life Good Good Poor 
Infinite Frequency 

Response Good Good Poor 
Infinite OFF : 

Resistance Good Fair Good 
Zero ON Resistance Poor Fair Good 
Zero Driving-Power ; , 

Consumption Good Fair Fair 
Zero Offset Voltage Good Poor Good 
Zero Feedthrough 

between the driving : : 

signal and signal Fair Fair Good 

being chopped 
Small Size Good Good Poor 


Table | - Comparison of available chopper devices 
with an ideal. 
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some of these characteristics, and shows the relative 
merits of relays, bipolar transistors, and MOS transistors 
in each area. 


Use of MOS Transistors as Choppers 


Fig.2 shows voltage-current characteristics of an 
n-channel depletion-type MOS field-effect transistor such 
as the RCA-40460. Fig.3 shows an expanded view of 
the curves in Fig.2(a) in the region about the origin. 
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DRAIN-TO-SOURCE VOLTAGE (Vps)— 2V/DIV. 
(a,b,c'—| VOLT PER STEP;ORIGIN AT CENTER) 


Fig.2 - Voltage-current characteristics of an n-channel 
depletion-type MOS transistor: (a) with substrate 
connected to source; (b) with substrate floating; 

(c) with substrate connected to drain. 


Because each curve passes through the origin, the MOS 
transistor is said to have zero offset voltage. In an 
MOS shunt chopper circuit, therefore, the output is 
zero when the input voltage is zero. This result is not 
obtained with bipolar transistors. Even for zero input 
voltage, a bipolar transistor has an offset voltage equiva- 
lent to the collector-to-emitter saturation voltage VCK(sat) 
between its collector and emitter terminals. MOS tran- 
sistors have no parameter comparable to VCR(sat). 


When the gate-to-source voltage VGS is zero, an 
MOS transistor such as the 40460 has an effective re- 
sistance of 200 to 300 ohms between its drain and 
source terminals. If the gate-to-source voltage is made 
positive, this resistance decreases to about 100 ohms 
(typically to 90 ohms for the 40460). No significant 


‘megohms). 


increase in gate current occurs when Vag is made posi- 
tive because the gate of an MOS transistor is insulated 
from the source-to-drain channel by an oxide layer. (In 
a junction-gate field-effect transistor, the gate and the 
channel form a p-n junction, and low gate current can 
be obtained only when this junction is reverse-biased. ) 
When the resistance between the drain and source ter- 
minals is low (100 to 300 ohms), an MOS transistor is 
said to be ON; the drain-to-source channel resistance is 
then designated as rgs(ON). This ON condition corre- 
sponds to the closed-switch condition in the circuits 
of Fig. 1. 
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Fig.3 - Low-level drain current as a function of drain-to- 
source voltage in an n-channel depletion-type MOS 
transistor with substrate connected to source. 


When a negative voltage of about -6 volts or more 
is applied between the gate and the source of the MOS 
transistor, the channel resistance between drain and 
source becomes extremely high (typically thousands of 
In this condition, which is known as ‘‘cut- 
off?’ or ‘“‘pinchoff’’, it is impractical to measure the 
channel resistance directly; instead, the leakage current 
that flows from drain to source at cutoff is normally 
specified. This current Ip(OFF), is typically 0.1 
nanoampere for the 40460. Because Ip(OFF) is mea- 
sured at a drain-to-source voltage of 1 volt, the equiva- 
lent channel resistance is 10,000 megohms. This OFF 
condition corresponds to the open-switch condition in 
the circuits of Fig. 1. 


Fig.4 shows three basic chopper circuits using the 
MOS field-effect transistor. The gating signal for the 
40460 should swing from zero to at least -6 volts, and 
may cover a range as large as +10 volts. The substrate 
(and thus the case) of the 40460 transistor is usually 
connected to the source. However, if the incoming 


signal to be chopped exceeds -0.3 volt, the substrate 
must be ‘‘floated’’, connected to the drain, or biased 
negatively so that the source-to-substrate and drain- 
to-substrate voltages never exceed -0.3 volt. If this 
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Fig.4 - Basic MOS chopper circuits. 


value is exceeded, the substrate, which forms two p-n 
junctions with the drain and the source, becomes for- 
ward-biased and the resulting flow of diode current 
shunts the incoming signal to ground. 


Steady-State Conditions 


Ideally, when an MOS transistor in a shunt chopper 
circuit is ON, the output voltage of the circuit should 
be zero. Because the drain-to-source resistance rds 
is some finite value, however, the output cannot reach 
true zero. Fig.5 shows an equivalent circuit for steady- 
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state conditions in an MOS shunt chopper. For the ON 


condition, the output voltage EQ is given by 


Yds Ry, 


Tas * Ry, (1) 


cr Ids Ri 

Tds + Ry 
In Eq.(1), itis assumed that the gate leakage resistance 
Rg is much larger than the drain-to-source resistance 
Iqs- If the load resistance RJ, is also much larger than 
Ids; Eg.(1) canbe simplified as follows: 


lds 
LS eg eee 2 
O she R = (2) 


NOTE: ALTHOUGH RESISTANCE Rg IS ACTUALLY 
DISTRIBUTED ALONG THE LENGTH OF rds, 
CONNECTION SHOWN ASSURES A WORST — 
CASE ANALYSIS. 


Fig.5 - Steady-state equivalent circuit of MOS 
shunt chopper. 


For Eg to approach zero, it is necessary that the source 
resistance Rg be much greater than rgg. The value of 
EQ is then given by 

Eg = Eg (ry,/Rg) (3) 
A typical value for Rg and Ry, in an MOS shunt chopper 
is 0.1 megohm. A typical value of rgs(ON) for the 40460 
transistor is 90 ohms. If these values are substituted 
in Kq.(3) and the signal voltage Eg is assumed to be 
1 millivolt, Eg is calculated as follows: 


E, = 10° (90/10°) = 0.9 microvolt 


In the ON condition, therefore, the de error voltage is 
less than 0.1 per cent forthe values used, and is directly 
proportional to the input signal. 

For the OFF condition, the steady-state output 
voltage Eq is given by 


lds Ry, Ids Ru 
Yds + Ry, Tds a Ry 
B= E rae 
" : R Tags Ry, GS R Tas Ry, 
S G 
Tg, + Ry, tg, * Rp 
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In most MOS transistors, both rgs(OFF) and Rg are much 
greater than RJ... Therefore, Eq.(4) may be simplified 
as follows: 


If Rs, RL, and Es are assumed to have the values used 
previously, the gate-to-source voltage Vqg is assumed 
to be -10 volts, and the gate resistance Rg is assumed 
to be 1012 ohms (minimum permissible gate resistance 
for the 40460), the value of Eo is calculated as follows: 


E, = 107° ty 10 te 
OM 2x105| | 1012 


10-3 
£ er -10-§ = 0.5 millivolt 


The second term in Eq.(5) is the error term for the 
OFF condition; it is not proportional to the input signal 
Es. For the numbers used, the output error in the OFF 
condition is only 0.2 per cent. If a typical value of 
1014 ohms is used for the 40460 gate resistance instead 
of the minimum value of 10!2 ohms, the error voltage is 
reduced to only 0.002 per cent. The output error remains 
small for any value of signal voltage Es that does not 
approach the error voltage in magnitude. 


Because the error voltage is inversely proportional 
to the gate leakage resistance RG, most junction gate 
field-effect transistors produce larger error voltages 
than MOS transistors (the minimum RqG of most junction- 
gate devices is only 1 to 10 per cent that of MOS tran- 
sistors). 


A similar procedure may be used for analysis of 
series chopper and series-shunt chopper circuits. 


The operation of all MOS chopper circuits is greatly 
affected by the magnitude of the source and load re- 
sistances. Table II lists the output voltages of the 
three basic chopper circuits for various combinations 
of source and load resistances. It is assumed that the 
input voltage ES is 1 millivolt, and that the drain-to- 
source resistance rds is 100 ohms in the ON condition 
and 1000 megohms in the OFF position. The gate leak- 
age resistance RG (1012 ohms or more) is neglected. 
The following conclusions can be drawn from the data 
shown: 


1. Only the series or the series-shunt circuit should 
be used when Rg < rdg(ON). 


In general, Rj, should be high. (Ry, >> rqg(ON) 


3. The load resistance should be higher than the 
source resistance. (Ry, 2 Rg) 


4. The performance of the series-shunt circuit is 
equal to or better than that of either the series 
or the shunt chopper alone for any combination 
of Rs and Rj. 


Approximate Output Voltage Eg- UV 
(Max. Output = 1 mV) 


Source Load Shunt Series Series-Shunt 
Resistance Resistance Chopper Chopper Chopper 

Rs RL 

fohirs) fohmsl (ON) (OFF) (ON) (OFF) (ON) (OFF) 
1M 1M 0.1 500 500 1 500 0.0001 

100 K 1M 1 900 900 1 900 0.0001 
100 1M 500 1000 1000 1 1000 0.0001 
0 1M 1000 1000 1000 1 1000 0.0001 
1M 100 K Onn 90 90 0.1 90 0.0001 
1M 100 0.05 0.1 0.1 0.0001 0.1 0.00005 

100 K 100 K 1 500 500 0.1 500 0.0001 
100 100 333 500 333 0.0001 333 0.00005 


Table II - Steady-state chopper output voltage for 
various source and load resistances. 


Transient Conditions 


Fig.6 shows the ac equivalent circuit of an MOS 
shunt chopper. The interelectrode capacitances of the 


MOS transistor affect operation of the circuit at high 
frequencies. The input capacitance Cgs increases the 
rise time of the gate driving signal and thus increases 
the switching time of the chopper. 
however, 


This effect is not 


usually a serious limitation, because the 


OUTPUT 


pe) 
” 


ep 
Fig.6 - AC equivalent circuit of MOS shunt chopper. 


switching time of the MOS transistor depends primarily 
on the input and output time constants. Switching times 
as short as 10 nanoseconds can be achieved when an 
MOS transistor is driven from a low-impedance generator 
and the load resistance is less than about 2000 ohms. 


The output capacitance Cqg also tends to limit 
the maximum frequency that can be chopped. When the 
reactance of this capacitance becomes much lower than 
the load resistance RI|,, the chopper becomes ineffective 
because XCqg is essentially in parallel with Ry, and 
rds(OFF). 


The feedthrough capacitance Cgq is the most im- 
portant of the three interelectrode capacitances because 
it couples a portion of the gate drive signal into the 
load circuit and causes a voltage spike to appear across 
RL, each time the gate drive signal changes state. Cod 
and Ry, form a differentiating network which allows the 


leading edge of the gate drive signal to pass through. 


The output capacitance Cd, is beneficial to the extent 
that it helps reduce the amplitude of the feedthrough 
spike. 


The effect of the feedthrough spikes can be reduced 
by several methods. Typical approaches include the 
following: 


(a) use of a clipping network on the output when 
the input signal to be chopped is fixed in amplitude, 


(b) use of a low chopping frequency, 


(c) use of an MOS transistor that has a low feed- 
through capacitance Cgd (some RCA MOS transistors 
have typical Cgq values as low as 0.18 picofarad), 


SUBSTRATE CONNECTED TO SOURCE 
Vps70i Voge Oi f= IkHz 


ie) 20 40 60 80 100 120 140 
AMBIENT TEMPERATURE —°C 
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(d) use of a gate drive signal that has poor rise 
and fall times, 


(e) use of a source and load resistance as low as 
feasible, 


(f) use of ashield between the gate and drain leads, 


(g) use of a series-shunt chopper circuit. 


Temperature Variations 


The variation of MOS transistor parameters with 
temperature can affect the operation of a chopper circuit 
unless allowance is made for such variations in the 
circuit design. It is important, therefore, to determine 
the approximate degree to which each parameter can be 
expected to change with temperature. Fig.7 shows 
curves of channel resistance rds, gate leakage current 


DRAIN-TO- SOURCE LEAKAGE CURRENT [Ip(orF)] — A 


20 30 40 50 60 70 80 90 100 I10 120 130 


AMBIENT TEMPERATURE (T,)—°C 


(c) 


Fig.7 - Variation of 40460 parameters with ambient temperature: (a) channel resistance ry.; 


(b) gate leakage current tyes! 


(c) drain-to-source leakage current Ip (OFF y 
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Igss, and drain-to-source leakage current Ip(OFF) as a 
function of temperature for the 40460. loss and [p(OFF) 
were not measured at temperatures below 25° C because 
condensation and frost that form on the test chassis 
result in erroneous and/or erratic readings of pico- 
ampere currents. Test circuits used to measure these 
parameters are shown in the Appendix. 


Typical Circuits 


Fig.8 shows three chopper circuits that were con- 
structed for demonstration purposes: (a) a shunt chopper, 
(b) a series chopper, and (c) an ac chopper. The 0.005- 
microfarad capacitor across the gate drive generator in 


OUTPUT 
10K 100K 
OUTPUT 
100 at 
OUTPUT 
10K 
$1008 
f=|MHz 100 
2wW 


(c) RF CHOPPER 


Fig.8 - Typical MOS chopper circuits: (a) shunt chopper; 
(b) series chopper; (c) rf chopper. 


circuits (a) and (b) increases the rise time of the gate 
drive signal. A resistor is used in each circuit to 
simulate the impedance ofthe signal source. The actual 
input voltage was set at zero so that spike feedthrough 
and offset voltages could be measured. The dc offset 
voltage, which is caused primarily by the average value 
of the spikes over the whole cycle, was too small to be 
measured on the equipment available. Fig.9 shows the 
actual spike feedthrough for the 40460 and 3N128 MOS 
transistors in the shunt and series circuits of Figs.8(a) 
and &(b):; the rise time of the gate drive signal was 
1 microsecond. 


It is recommended that MOS choppers be driven 
from a square-wave source. Fig.10 shows the feed- 
through that results when the circuits of Figs.8(a) and 
&8(b) are driven from a sine-wave generator instead of a 
square wave. 


Fig.11 shows how the circuit of Fig.8(c) can be 
used to chop an rf signal at either a slow or a fast 
chopping frequency. The 40460 transistor can be used 
to chop rf signals extending up to the low vhf region. 
The frequency of the gate drive signal can be as high 
as several hundred kilohertz before excessive degrada- 
tion of the square wave occurs. The rise time of the 
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Fig.9 - Actual spike feedthrough in shunt and series 
chopper circuits employing the 40460 and 
3N128 MOS transistors. 
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Fig.10 - Comparison of sine- and square-wave gate drive 
for an MOS shunt chopper employing the 40460. 


gate drive signal for the circuit of Fig. 8(c) was 15 
nanoseconds. 


In field-effect-transistor choppers using a version 
of the series-shunt circuit shown in Fig.8(c), noise and 


allen foes FREQUENCY: 


CHOPPING FREQUENCY: 
100 Hz 


VERTICAL SCALE: 
UPPER TRACE = 5V/DIV. 

LOWER TRACE=IV/DIV. 
Fig.11 - Results of using MOS rf chopper at a fast 


and a slow chopping frequency. 
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offset voltages as low as 10 microvolts or less have 
been obtained.! Balanced MOS chopper circuits using 
special compensating networks have also been developed 
to chop 0.1-microvolt signals at impedance levels up to 
40,000 ohms and chopping frequencies up to 250 Hz.2 
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circuit. 
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Fig.A-4 - Reverse transfer (Feedback) capacitance 
(Ceo<! measurement circuit. 
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Application Note 
AN-3453 


An FM Tuner Using an RCA-40468 
MOS-Transistor RF Amplifier 


by 


H. M. Kleinman and C. H. Lee 


Previous work with field-effect transistors in 
general, and MOS field-effect transistors in particular, 
has demonstrated the superior signal-handling capability 
of this type of device.!-? This Note describes an FM 
tuner that incorporates an MOS field-effect transistor 
as the rf amplifier, and shows how the MOS transistor 
is instrumental in minimizing the spurious responses 
normally found in FM receivers. 


Spurious responses result when harmonics of an 
unwanted incoming signal mix with harmonics of the 
local-oscillator signal to produce a difference frequency 
which falls within the if passband of the receiver.* 
When these harmonics of unwanted signals are created 
in the rf amplifier, they may be removed by improved 
filtering between the rf amplifier and the mixer. When 
used as an rf amplifier, the MOS transistor produces an 
output signal that contains low levels of the harmonics 
of unwanted signals. As aresult, the need for a double- 
tuned rf interstage transformer is reduced and accept- 
able performance can generally be achieved with single- 
tuned circuits in both the antenna and rf interstage 
sections. 


The FM tuner described in this Note utilizes an 
RCA-40468 MOS rf amplifier, an RCA-40478 bipolar 
mixer, and an RCA-40244 bipolar oscillator. The rf- 
stage gain of 12.7 dB and mixer gain of 21.8 dB yield 


* In a receiver tuned to 100 MHz, the local oscillator is tuned 
to 110.7 MHz. The second harmonic of the local oscillator 
occurs at 221.4 MHz. A signal at a frequency of 210.7 MHz 
can beat with the 221.4-MHz signal to form the 10.7-MHz 
intermediate frequency. This 210.7-MHz frequency is the 
second harmonic of 105.35 MHz, which is above the desired 
channel by half the intermediate frequency. 


a total tuner gain of 34.5 dB. A three-stage if-amplifier 
strip that uses RCA-40482 bipolar transistors and ex- 
hibits 94 dB of gain completes the FM tuner. 


Table I summarizes the performance of the system. 
The figure shown for if rejection was achieved when the 
tuner section was tested with a fully shielded, remotely 
located if-amplifier strip. When the final tuner was 
assembled, only partial shielding was used around the 
if amplifier. This partial shielding, coupled with the 
close proximity of tuner and if amplifier, reduced the 
if rejection to 77 dB. 


Carrier Frequency... so: scs.s 1c 00 aicce selene euaieda 100 MHz 
MOdUlatlonigena cs ceeeMe <leueusbesecans eseters 400 Hz, 22.5 kHz deviation 
Sensitivity:* 

For 20-dB signal-to-noise ratio .......... 1.4 LV 

For 30-dB signal-to-noise ratio ........0- Zia LV 

For -3-dB limiting point (with 94-dB if strip). . 1.6 LV 
Image Rejection® 2%. sacs eves b/ebeel ban teteaan 72 dB 
IF Rejection @ oi.) os custete cs castce ccateie eeee ee 91 dB 
Half-lF Rejection @iiwrsewete .-. ccc. 0 0 6 stn 96 dB 
Rejection of Other Spurious Responses? 

(with 0.2 volt at antenna terminals) ....... > 100 dB 


* Measured at antenna terminals (300-ohm nominal impedance). 
* Relative to 2 uV. 


Table | - Over-all Tuner Performance 


Circuit Considerations 


The rf section of the tuner is shown in Fig.1, and 
the if strip in Fig.2. The if strip, which is described 
more fully elsewhere,* utilizes three 40482 bipolar 
transistors that operate at collector currents of 3.5 
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Ry = 100 KQ POA Sy eel aa 
Ro = 220 K() C5,C7 = 2-12 pF, Trimmer 
R3Ry =47 KQ Cz,Cg = 0.002 nF 
Rs =4.7 KQ CyC5,C19 = 5,5-22.5 pF, ganged tuning capacitor 
Rg  =8.2KQ Cg = 5000 pF 
5S SY Si ae? ae 
Rg = 22 KQ Cy, =0.01 we 


C13 = 1000 pF feedthrough type 
Cy7 =2-10 pF, Trimmer 


Ly = #18 bare copper wire, 4 turns, 1/4” |.D., 7/16” winding length, Q, at 100 MHz = 130. 
Tunes with 34 pF capacitance at 100 MHz. 
Antenna Link approximately 1] turn from ground end. 


Gate Tap approximately 1-1/2 turns from ground end. 


=) = #18 bare copper wire, 4 turns, 1/4” |.D., 7/16" winding length, Qo at 100 MHz = 120. 
Tunes with 34 pF capacitance at 100 MHz. 
Base Tap approximately 3/4-turn. 


L2 = #18 bare copper wire, 4 turns, 7/32” |.D., 7/16" winding length, Qo at 100 MHz =120, 
Tunes with 34 pF capacitance at 100 MHz. 
Emitter Tap approximately 1-1/2 turns from ground end. 


Base Tap approximately 2 turns from ground end. 


Fig.] - Typical FM receiver front end using RCA-40468 MOS field-effect transistor. 


milliamperes in neutralized configurations and provide details of their design are not discussed. The common- 
an overall if gain of 94 dB. collector oscillator provides an extremely clean oscil- 
: lator waveform. In addition, the low injection level at 
: The rf section provides a total gain of 34.5 dB, the mixer base, 25 to 30 millivolts, coupled with the 
which includes 12.7 dB in the rf stage and 21.8 dB in design of the preceding circuits, limits the maximum 
the mixer. The mixer and oscillator were designed possible signal at the mixer base and minimizes the 
according to principles established previously,°»® and generation of spurious responses in that stage. 
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Fig.2 - Typical if-amplifier strip. 


RF-Stage Design 


The 40468 rf stage is designed to achieve the 
published maximum usable stable gain of 14 dB ata 
nominal operating point of 5 milliamperes. Additional 
losses of 1.3 dB reduce the actual gain in the tuner to 
12.7 dB. Details of the rf-stage design are given in 
the Appendix. 


Selection of the appropriate source and load im- 
pedances for the rf stage is based on the fact that a 
low spurious response requires the gate of the 40468 to 
be tapped as far down on the antenna coil as gain and 
noise considerations permit. This arrangement applies 
the smallest possible voltage swing to the gate and 
makes optimum use of the available dynamic range. 
(In a bipolar tuner designed to optimize the rejection 
of spurious responses, the tap point on the antenna 
coil was approximately 25 ohms.) 


For low spurious response, therefore, the entire 
rf coil is used as the load for the 40468. The interstage 
coil presents a load impedance to the rf stage of 3800 
ohms, which nearly matches the 4200-ohm output im- 
pedance of the 40468. Although this arrangement loads 
the interstage coil and causes a degradation of selec- 
tivity of the front end, it is an acceptable compromise in 
this case because the antenna coil is not loaded by the 
gate of the MOS transistor. 


As indicated by the calculations in the Appendix, 
this approach yields a source impedance of approxi- 
mately 200 ohms for the 4500-ohm input impedance of 
the gate of the 40468. 


Tuner Performance 

Performance of the tuner with respect to sensitivity 
limiting, if rejection, and image rejection compares 
favorably with that of tuners using high-performance 


bipolar transistors. Figs.3, 4, and 5 show typical per- 
formance characteristics of the receiver. Receiver per- 
formance, particularly as regards spurious-response- 
rejection figures, is highly dependent on such factors 
as physical layout, power-supply decoupling, and care 
in construction. The use of a negative supply voltage 
facilitates the grounding of tuned circuits and the de- 
coupling of the supply. 
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Fig.3 - Sensitivity curves for FM receiver 
using circuits of Figs. and 2. 


The elimination of spurious response was the pri- 
mary goal in this design. Generally, a circuit that has 
a low spurious response is difficult to reproduce. In 
some systems, the performance of such acircuit depends 
on the exact operating points of the transistors used; 
when the rf-amplifier transistor in Fig.1 was repeatedly 
changed, performance of the tuner remained essentially 
the same. The best correlation was found with the 
operating current of the transistor in the circuit. Fig.6 
shows the change in the rejection of the “half-if’’ 
spurious response as a function of drain current for a 
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Fig.4 - Relative response as a function of signal vol- 
tage measured at antenna terminals. 


100 


wo 
[e) 


| 
+ |F REJECTION 


=" 
[e) 


FOR 20-dB QUIETING -dB 
@ 
oO 


IMAGE REJECTION 
| | ! 


1 
88 90 32 94 96 98 100 102 104 106 108 
DESIRED SIGNAL FREQUENCY-MHz 


REJECTION RELATIVE TO SENSITIVITY 
o 
oO 


Fig.5 - Spurious-response rejection as a function 
of frequency. 
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Fig.6 - Half-if rejection as a function 
of operating point. 
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typical 40468. For the normal spread of operating cur- 
rent in this circuit of 3.5 to 7 milliamperes, the varia- 
tion in rejection is shown to be about + 1 dB. 


Fig.7 shows the variation of 20-dB quieting sensi- 
tivity as a function of drain current, aud indicates why 
the 5-milliampere nominal operating point was chosen. 
Below 3 milliamperes, the sensitivity of the receiver 
degrades very rapidly. However, at 5 milliamperes the 
actual spread of 3.5 to 7 milliamperes causes a negligi- 
ble change in performance. 
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Fig.7 - 20-dB quieting sensitivity as a function 
of operating point. 


Conclusions 


The 40468 MOS field-effect transistor has been 
incorporated into an FM tuner in which all other stages 
are high-performance, low-capacitance bipolar types. 
The wider dynamic range of the MOS transistor provides 
significant improvements in the rejection of spurious 
responses over results previously achieved with bipolar 
rf amplifiers. 


Most significantly, the performance with respect 
to spurious-response rejection has been repe ated when 
devices with wide parameter variations have been used. 
Furthermore, the system has been duplicated with 
comparable results. These two factors strongly indicate 
that the performance advantages are real and are attribut- 
able to the characteristics of the MOS rf amplifier used 
rather than the result of cancellation or peculiar trapping 
in a single tuner. 
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Appendix - Design of 40468 RF-Amplifier Stage 


The following parameters are important in the de- 
sign of the rf-amplifier stage: 


40468 parameters (atVpp = 15 V, Ip =5 mA): 


input resistance Rin ........ 4500 ohms 
output resistance Royt....... 4200 ohms 
forward transmittance yrg..... 7500 umhos 


feedback capacitance Cpgg(max). 0.2 pF 


mixer-stage parameters: 


input resistance Rjy(mix)..... 550 ohms 
input stability [S(mix) 
(from previous design)...... 4 
coil data: 
mounted unloaded Q......... 120 
tuning capacitance CT 
atv lOO MH gnats oho. OPS one 34 pF 
antenna impedance ......... 300 ohms 


Fig.8 shows the ac equivalent circuit for the rf 
stage. At resonance, this circuit reduces to the form 


Fig.8 - AC equivalent circuit of the 40468 rf stage. 


shown in Fig.9, where all impedances are referred to 
the gate and drain terminals of the 40468. The maximum 
available gain (MAG) is the gain in a conjugately 
matched, unilateralized circuit and is defined as follows: 
Z, 
Yfs|“ Rin Rout 


MAG ] 
7 (1) 


For the values given above, MAG = 266 = 24.2 dB. 


Ny 


2 
7) Ry (MIX) 
Nias 


Ry Ro 


Fig.9 - Equivalent input (Rj) and output (R2) circuit 
of the rf stage during resonance. 


The maximum usable gain MUG is the stable gain 
which may be realized in a practical neutralized or un- 
neutralized circuit. It is defined by the relationship 
for the unneutralized case as follows: 

2 \¥fs| a 
cee (2) 


OCrsgg b 


MUG = 


where a is a skew factor smaller than unity which 
is used to maintain bandwidth, and b is a number 
equal to or greater than unity related to the number of 
stages (inserted to maintain bandwidth in multistage 
amplifiers). A skew factor of 0.2 is generally used. 
Because only one stage of 100-MHz gain is used in the 
amplifier shown in Fig.1, b = 1. For the values given, 
therefore, MUG is given by 


0.4 Yfs 
(0) 


MUG = = 2001) japelon Lae (3) 


rss 


The total mismatch loss is called the stability factor S, 
and is equal to the difference (in dB) between MAG and 
MUG, as follows: 


S = MAG - MUG = 10.5 dB, or 11.3 times (4) 


This value is arbitrarily divided between the input and 
output circuits by use of an input stability IS and an 
output stability OS, as follows: 


IS = Rip/2R1 (5) 


where R 1 and RQ are the total parallel impedances at 
the input terminal (gate) and the output terminal (drain), 
respectively. These stability terms are related to the 
stability factor S as follows: 


S =ISx OS (7) 


The division between IS and OS is made by means 
of some arbitrary choices. As mentioned previously, 
it was decided to maximize IS so that the signal level 
at the gate would be minimized. This choice necessi- 
tates matching or nearly matching Royt to its load. 
Therefore, the entire rf coil is used as the output load. 


As indicated in Eq.(6), the value of R2 must be 
determined to define OS; the value of IS can then be 
determined and the input circuit defined. Rg consists 
of the parallel combination of Rout, RT2, and (N V/N2Q)2 x 
Rin(mix), where RTQ is the tuned impedance of the rf 
coil and is given by 


RT9 = Qo/wo Cy (8) 


The value of Rout is given above as 4200 ohms. The 
value of RTg as calculated from Eq.(8) is 5600 ohms. 
The value of the input impedance of the mixer Rjp(mix), 
obtained from the published data for the 40479, is 550 
ohms. The only remaining component of R2 to be deter- 
mined is the turns ratio N1/NQ. 


In Fig.8, the rf coil L2 represents both the input 
circuit of the mixer and the output circuit of the rf 
stage. Therefore, the stability of the mixer stage must 
also be considered. Because stability factors are 
equal to resistance ratios, the input stability of the 
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mixer can be considered at the top of the rf coil, as 
follows: 
(Ny/NQ)2 Rin (mix) 


ISmix) = ————___—_—_— (9) 
2R9 


The value of IS(mix) was specified above as 4 (from a 
previous design). Because RQ is a linear function of 
(N4/Ng)” Rin(mix), manipulation of the data through 
several steps provides a value of 5.5 for (Nj/NQ) and 
a reflected value of 16,800 ohms for Rjn(mix). 

The output stability of the rf stage can then be 
determined. R2 is computed as the parallel combination 
of Rout, RT2, and (N1/NQ)2 Rin(mix), and is found to 
be 2100 ohms. The output stability OS is determined 
from Eq.(6), as follows: 


OS = Rout/2Rq = 4200/(2x 2100) = 1 
The value of unity indicates an impedance match be- 
tween Royt and the load. 
The input stability of the rf amplifier can then be 
determined from Eq.(7), as follows: 


IS = S/OS = 11.3 


By use of this stability term, the input-circuit constants 
can be calculated. Ry is determined from Kq.(5), as 
follows: 


R1 = Rjn/21S = 191 ohms 
This value is so much lower than Rjp that it is apparent 
the MOS transistor does not load the antenna coil at all. 


Because it is desired to match the antenna with 
the input circuit, the value of Rj should be one-half the 
reflected antenna impedance. Therefore, the value of 


(N3/NQ)2 RANT is 382 ohms, which is a very slight step 
up. Because two of the three component terms of Ry are 
then known, the remaining term (N3/ Ny)2 RT 1 can be 
determined as 456 ohms. The turns ratios are then 
given by 

N4/NoQ = 4.3 

N1/Ng = 3.7 


The values of circuit components obtained by means 
of this design method are given in the parts list for 
Fig. 1. 
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An FM Tuner Using 
Single-Gate MOS Field-Effect Transistors 
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Selection of the transistors for use in FM-tuner 
stages involves consideration of such device character- 
istics as spurious response!, dynamic range, noise 
immunity, gain, and feedthrough capacitance. MOS 
field-effect transistors are especially suitable for use 
in FM rf-amplifier‘and mixer stages because of their 
inherent superiority for spurious-response rejection and 
signal-handling capability. This Note describes an FM 
tuner that uses an RCA-40468 MOS transistor as the rf 
amplifier and an RCA-40559 MOStransistor as the mixer. 
A conversion gain of 17.5 dB was obtained, to provide 
an over-all tuner gain of approximately 30 dB. RF and 
mixer Circuit considerations pertinent to the design are 
discussed. 


Performance Features of MOS Transistors 


Spurious response in an FM tuner is caused by the 
mixture of unwanted signals with the desired carrier in 
either the rf stage or the mixer. This effect can be 
expressed mathematically by use of the Taylor series 
expansion of the simple transfer function of output cur- 
rent as a function of input voltage at the operating point, 
as follows: 


2 


Q a 3 
+ + [ uel? 
ae pes Ue, 


i, tule Aa 


oO 


Os or (1) 


where ig is the instantaneous value of output current of 
the device; I, is the dc component of output current; es 
is the rf signal voltage present at the input terminal of 


the transistor; and a, £6, and @ are the coefficients of a 
Taylor series expansion. These coefficients are related 
to the first-, second-, and third-order derivatives of the 
transfer characteristic as determined by the bias point. 
It can be shown?’3 that mixing action within the device 
is attributable to the second-order term (Bes), and that 
cross-modulation and intermodulation result from third- 
and higher-order terms. Therefore, when a device has 
an inherent square-law transfer characteristic, i.e., the 
drain current varies as the square of the applied gate- 
to source voltage, third- and higher-order terms are 
zero and spurious response is eliminated. The transfer 
characteristic of MOS field-effect transistors more nearly 
approaches this ideal square-law relationship than the 
very steep exponential transfer characteristic of bi- 
polar transistors. 


The dynamic-range capability of MOS field-effect 
transistors is about 25 times greater than that of bipolar 
In an actual tuner circuit, this large in- 
trinsic dynamic range is reduced by a factor proportional 
to the square of the circuit source impedances.4 The 
net result is a practical dynamic range for MOS tuner 
circuits about five times that for bipolar types. 


transistors. 


With MOS field-effect transistors, as contrasted with 
either bipolar transistors or junction-gate field-effect 
transistors, there is no loading of the input signal, nor 
drastic change of input capacitance even under extreme 
overdrive conditions. 


NNN _ ST 


In junction-gate field-effect transistors, a large in- 
coming signal can have sufficiently high positive swing 
to drive the gate into conduction by a momentary for- 
ward bias; power is then drawn from the input signal in 
the same way as if a resistance were placed across the 
input circuit. In bipolar transistors, there is a gradual 
change of both input impedance and input capacitance 
as a function of large signal excursions. These changes 
are undesirable because they can result in detuning of 
tuned circuits and widening of the input selectivity curve. 


FM Tuner Design 


The FM tuner shown in Fig.1 uses single-gate MOS 
field-effect transistors in the rf-amplifier and mixer 


stages and a bipolar transistor as the local oscillator. 


The rf-amplifier transistor RCA-40468 operates in the 
common-source configuration with a stage gain of 


Q2 


MIXER 2 


68 
pF 
4}y 


fe 
1200 pF 


All resistors in ohms, 
unless specified otherwise 


12.7 dB. The mixer transistor RCA-40559 also operates 
in the common-source configuration, with both the rf and 
local-oscillator signals applied to the gate terminal. 
The bipolar oscillator transistor RCA-40244 operates in 
the common-collector mode. The conversion power gain 
from the mixer stage is 17.5 dB; the total gain of the 
tuner is 30.2 dB. 


Performance of the FM tuner was evaluated by use 
of the bipolar-transistor if amplifier shown in Fig.2. 
The 10.7-MHz if output from the tuner is coupled to the 
first if-amplifier stage by means of a double-tuned trans- 
former Ty. The if amplifier employs two 40245 and one 
40246 bipolar transistors, each operating in a neutralized 
common-emitter configuration at a collector current of 
3.5 milliamperes. The over-all gain of the if amplifier 
is 88 dB. A detailed analysis of a similar if amplifier 
is covered in an earlier publication.® 


- 3-gang tuning capacitor, TRW 5-plate Model 
V2133 with trimmers stripped off. 


Co,C3,Cq - Arco 402 trimmer, maximum value 10 pF 


L; - No.18 bare copper wire, 5 turns on 19/64" form, coil length 
1/2", with IRN .250" x .250" Arnold slug. Qo =164. An- 
tenna tap at 0.8 of a turn, output tap at 1.4 turns. 


No.18 bare copper wire, 5 turns on 15/64" form, coil length 
3/8", with 0.181" x 0.375" Arnold slug. Qg = 104. 


- No.18 bare copper wire, 5 turns, air core with 3/8" O.D., 
coil length 1/2". Emitter tap on 1-1/2 turns. Feedback 
tap on 2 turns. Q =164. 


1 Double tuned, 90 per cent of critical coupling. Primary un- 
loaded uncoupled Q = 137 with 68-pF tuning capacitance, 
secondary unloaded uncoupled Q = 76 with 47-pF tuning 
capacitance. Secondary has a turns ratio of 26.2 to 1.0. 
Primary, No.32 enamel wire, 15 turns, space wound at 60 
TPI, 0.250" x 0.500" TH slug. Secondary, No.36 enamel 
wire, 18 turns, close wound, 0.250" x 0.250" TH slug. Both 
coils on 9/32" form without shield. 
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Fig.1 - Circuit diagram of FM tuner using MOS transistors for the rf amplifier 
and mixer stages. 


3.0 pF 


3.0 pF 


3.0 pF 


All resistors in ohms, 
unless specified otherwise 
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Fig.2 - Three-stage if amplifier using bipolar transistors. 
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Table I summarizes the performance of the MOS 
tuner. Spurious response was evaluated with a generator 
output of 350 millivolts. 


OVER-ALL TUNER PERFORMANCE 


Carrier. Prequencygs meds eo ten ts tats a 100 MHz 
Modulation Frequency ........... 400 Hz 
Deviation (except IHFM) ......... PB | kHz 
Sensitivity: 

INEM tee a eee 1.75 uv 

ZU-d BAOUIGUING «tessa ease ak eaeate sf io LV 

SO0-GD OUlOting oc anos ana aee atta ia LS LV 

OES LATION aol a fy ous shel deees sea pees LV 
Image Kejections «0% . ay «+ 2) epee © 62 dB 
TE. ISP IOCUON Say, ci ods ean ais eae sas ake 96 dB 
Halt-IF Rejection . se. «ie... oe 92 dB 
Spurious Response across 

VHF band with e€gen, = 0.35 volt . NONE 


Table | - Over-all performance characteristics 


of FM tuner. 


RF-Circuit Considerations 


The RCA-40468 MOS transistor used in the rf ampli- 
fier stage has a maximum available gain of 24 dB. 
Because the design criteria required a total mismatch 
plus insertion loss of 11.3 dB, the net gain for the 
stage is 12.7 dB. Although the design procedure used 
for these calculations has been discussed previously,!,6 
some of the considerations for optimizing performance 
warrant additional comment. 


In the design of an rf stage for FM performance, 
the stage gain should be a compromise between optimum 
receiver sensitivity and spurious response rejection. 
In other words, the rf gain capability should be large to 
minimize the effects of noise from the mixer, and yet be 
limited to prevent a verylarge undesired incoming signal 
located on the skirt of the selectivity curve from driv- 
ing the mixer beyond its dynamic range. Good FM tuner 
performance is achieved by selection of the proper rf- 
stage gain and step-down to the mixer input. 


The rf input coil Lj is tapped down to provide the 
smallest practical input swing to the gate of the rf- 
amplifier transistor for increased dynamic range. This 
tap-down is a compromise between optimizing for dy- 
namic range and noise. When the degree of mismatch 
has been established, the drain-circuit load L2 is de- 
termined from stage-gain and bandwidth requirements. 
Table II shows the device parameters used forthe design 
of the rf stage. 


The 40468 MOS transistor has a typical feedback 
capacitance of 0.12 picofarad, with a maximum value of 
0.2 picofarad. This small value of Cis, minimizes 
oscillator radiation feedback through the device, and 


also makes it unnecessary to add neutralization com- 
ponents to the rf stage to achieve adequate gain. 


Mixer-Circuit Considerations 


The mixer circuit shown in Fig.1 is designed for 
operation into an 8000-ohm-load. A load up to 12,000 
ohms is permissible and provides a gain increase of 
about 1 dB from the mixer. The input circuit is tapped 
down by a 2.7-picofarad capacitor in series with the 
device input capacitance to improve dynamic range. 
These mismatch losses result ina stage gain of 17.5 dB, 
as compared to the maximum available gain of 21.5 dB 
shown in the published data for the 40559 transistor. 


The trap consisting of a 1-microhenry inductor and 
270-picofarad capacitor is designed to bypass any 10.7- 
MHz component that may appear at the input to the 
mixer. A 1.5-picofarad capacitor couples the oscillator 
signal to the mixer gate. Because the capacitor is small, 
interaction with the oscillator tuned circuit is minimized 
and good oscillator stability is maintained. The in- 


jection level at the gate of the mixer is 700 millivolts rms. 


The biasing arrangement for the mixer stage is 
substrate bias is used to pro- 
vide the optimum combination of mixing and spurious- 
response rejection. Fig.3 shows the shift of the transfer 
characteristic as a function of negative substrate bias 
Ep, for the RCA-40559 mixer transistor. 


particularly important: 


mA 


DRAIN CURRENT (Ip) 


GATE VOLTAGE (Eg)—V 


Fig.3 - Transfer characteristics of the RCA-40559 MOS 
field-effect transistor for several values 
of substrate bias. 


The transconductance, which is the first derivative 
of the transfer characteristic, also varies as a function 
of substrate bias, as shown in Fig.4. As stated pre- 
viously, mixing is accomplished by means of the quad- 
ratic term of Eq.(1); higher-order terms contribute only 
to undesired responses. For ideal mixing, therefore, the 


ti 


transconductance curve should approach a straight line. 
As the transconductance curve becomes linear, higher- 
order derivatives (i.e., above the second) reduce to zero 
and the conversion transconductance increases. Fig.4 
shows that the transconductance curve is most linear at 


TRANSCONDUCTANCE (g,,)— mmho 


GATE VOLTAGE (Eg)—V 


Fig.4 - Transconductance of the RCA-40559 
as a function of gate bias with the sub- 
strate voltage as the parameter. 


a substrate bias of -3 volts. Fig.5 shows the relative 
conversion gain of the RCA-40559 mixer stage as a 
function of the oscillator injection level at substrate 
bias of zero and -3 volts. It can be seen that the con- 
version transconductance also increases with the oscil- 
lator injection level. 


RELATIVE CONVERSION GAIN—dB 


16 


Fig.5 - Conversion transconductance as a function 
of oscillator injection level. 


Table II shows the MOS device characteristics 
measured under circuit conditions. Reasonable verifica- 
tion of the measured conversion transconductance was 
obtained by calculation of the conversion transconduc- 
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tance for gate voltages ranging from zero to -2.1 volts. 
Details of these measurements are given in the Appendix. 


RF Amplifier Mixer 

Parameter Units RCA-40468 RCA-40559 
OA. pF 0.12 0.12 
Rin KQ) 4.5 6 (100 MHz) 
Cin pF 555 5.0 
Ro KQ) 4.2 12(10.7 MHz) 
Co pF 1.4 1 Be 
Y21 mmho WS 2.8 
MAG dB 24.2 245 
MUG (unneutralized) dB 14 - 
Gp (in tuner) dB 1224 17.5 


Table II - Device parameters for RCA-40468 and 40559 
MOS field-effect transistors. 


On the basis of these results, the optimum operating 
conditions for the mixer circuit were empirically estab- 
lished at an effective gate bias of -1 volt and an effec- 
tive substrate bias of -3 volts to provide a typical drain 
current of 3 milliamperes. 


Oscillator-Circuit Considerations 


The common-collector oscillator circuit shown in 
Fig.1 generates an extremely clean output waveform! 
The absence of harmonics in the oscillator signal is an 
important factor in good tuner design. The oscillator 
signal is coupled to the mixer gate by means of a 1.5- 
picofarad capacitor which isolates the tuned circuit of 
the oscillator from the input circuit of the mixer and 
thus minimizes the possibility of oscillator instabilities 
as a result of “pulling”. 


Over-all Tuner Performance 


The performance of the single-gate MOS tuner with 
respect to sensitivity, limiting, and particularly spurious 
response exceeds that obtained with the best bipolar 
transistors. In general, spurious-response performance 
can be degraded by inadequate circuit layout and wiring 
practices. For this reason, care should be exercised in 
arranging the physical layout of the tuner, and power- 
supply decoupling should be used. 


Figs.6 and 7 show the measured sensitivity of the 
tuner of Fig.1. The quieting sensitivity, shown in Fig.6, 
is practically flat across the entire FM band. IHFM 
sensitivity and 3-dB limiting, shown in Fig.7, show 
the same excellent performance. The IHFM sensitivity 
test input voltage, as defined by the Institute of High 
Fidelity Manufacturers, is the minimum 100-per-cent- 
modulated signal input which, when applied to a receiver 
through the standard 300-ohm dummy antenna and an 
audio voltmeter connected through a 400-Hz filter, re- 
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duces a total internal receiver noise and distortion to 
the point where the output rises 30 dB when the 400-Hz 
null filter is removed from the audio voltmeter circuit. 
This value is expressed in microvolts. 
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Fig.6 - Signal level for 20- and 30-dB quieting 


as a function of signal frequency. 
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Fig.7 - Signal level for 3-dB limiting and IHFM 


sensitivity as a function of signal frequency. 


Figs.8 and 9 provide additional performance char- 
acteristics. Fig.8 shows the gain and noise character- 
istics; Fig.9 shows the image and half-if rejection of 
the tuner. The spurious responses shown in Fig.9 were 
measured with a generator drive capability of 350-milli- 
volts from 10.7 to 216 MHz. 
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Fig.8 - Relative gain of signal and noise as a 
function of the signal voltage level. 
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Fig.9 - Signal rejection as a function of input 
frequency, measured with a generator 
voltage of 350 millivolts. 


MOS transistors covering a wide range of drain cur- 
rent were tested in the rf-amplifier and mixer sockets. 
Performance variations for image rejection and half-if 
rejection were within + 1 dB of the values shown in 
Table I. Variations in sensitivity were less than 
0.25 microvolt. 


Conclusions 


The RCA-40468 and 40559 MOS field-effect transis- 
tors were designed into an FM tuner. Evaluation of this 
tuner was made in conjunction with an FM-if amplifier 
that used 40245 and 40246 bipolar transistors. Over-all 
performance of the combination showed that the capa- 
bility of MOS devices for dynamic range, sensitivity, and 
Spurious response rejection exceeds that obtained with 
similar FM tuners that used bipolar transistors. Ex- 
perimental work indicated that performance variations 
as a function of product distribution were insignificant. 


APPENDIX 


Calculation of Conversion Transconductance from the 
Operating Characteristic 


The following procedure is used to calculate the 
conversion transconductance of the mixer stage based 
on the degree of linearity of the transconductance curves 
of Fig.4 and the magnitude of the oscillator injection 
voltage. The results show that the conversion trans- 
conductance is greatest forthe curve that is most linear. 
For the mixer circuit described in this Note, this con- 
dition occurs at a substrate bias of -3 volts. 


For the curves of Fig.4, the transconductance Sn 
is given by the following general relation: 


Em = { (Eg) (2) 


where Eg is the gate bias. For a substrate bias of 
-3 volts, and a gate bias between zero and -2.1 volts, 


me B15 


the corresponding curve of transconductance is ex- 
pressed as_ follows: 


Ba = 12.5 - 2.146093 7F¢ (3) 


For optimum mixer performance with a minimum of 
spurious responses, a gate voltage of -1 volt was selec- 
ted as the quiescent operating point. The Taylor series 
expansion for Eq.(3) for a center-point operating bias 
Eg of -1 volt is given by 


@m = 10.3 + 2.584 e, - 0.148 e,” + 0.75 e,% +. . . (4) 


where €, is the instantaneous voltage on the gate. 
This instantaneous gate voltage e, can be expressed in 
terms of the peak oscillator signal voltage eg, as follows: 


eg = -1+ eosinw,t (5) 


Substitution of Eq.(S5) into Eq.(4) yields the following 
expression for transconductance: 


gn = 6.82 + 5.13 e, sin wot - 2.39 eo” sin? wot + 
. (6) 


Sin” Wo : 


0.75 e,° 


An expression for instantaneous drain current ig in 
terms of Eq.(6) and the incoming signal e, can then be 
written, as follows: 


id = Em sg Sin wg t (7) 


Expansion of Eq.(7) in terms of eg sinw,t ande, sinw, t 
and selection of those components which are effective 
at 10.7 MHz [i.e., sin (wo - Wg)t components] provides 
the following expression for drain current at the inter- 
mediate frequency: 


Lied Ded Ln Pgutielleebiuioles (8) 


By definition, the conversion transconductance g, 
is equal to the if current divided by the signal voltage, 
as follows: 


Bc = ip/es (9) 


Therefore, g, can be expressed in terms of the oscillator 
injection voltage e, as follows: 


g. = (2.57 + 0.28)e, (10) 
Because the magnitude of oscillator injection voltage 
€, for the MOS FM tuner was selected to be 1 volt peak, 
the conversion transconductance is calculated to be 


Bo = (2.57) + (0.28) = 2.85 mmhos 


By use of the same procedure, the conversion trans- 
conductance at a substrate bias of zero volts is calcu- 
lated to be 2.29 millimhos. It is apparent that the 
application of a substrate bias provides an increase in 
conversion transconductance of more than 25 per cent. 
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MOS Field-Effect Transistors 


by L.A. Jacobus and S. Reich 


MOS (metal-oxide-semiconductor) field-effect transis- 
tors are in demand for rf-amplifier applications because 
their transfer characteristics make possible significantly 
better performance than that experienced with other 
solid-state devices. 1.2 Unless equipped with gate pro- 
tection, however, MOS transistors require careful hand- 
ling to prevent static discharges from rupturing the 
dielectric material that separates the gate from the 
channel. This Note describes the design of dual-gate 
MOS field-effect transistors that use a built-in signal- 
limiting diode structure to provide an effective short 
circuit to static discharge and limit high potential build- 
up across the gate insulation. 


Breakdown Mechanism 


Before the techniques of gate protection can be 
applied, the breakdown mechanism associated with 
gate destruction must be understood. For the sake of 
simplicity in exploring the breakdown mechanism, a 
single-gate structure is used. Fig. 1 shows this single- 
gate structure (a), its electrical symbol (b), and a much 
simplified equivalent circuit (c) that explains the poss- 
ible static discharge paths within the device. The sub- 
strate diode is formed by the p-n junction integrated 
over the entire junction area, i.e., the source and drain 
diffusions connected by the inversion layer or n-type 
channel. Fig. 1 (c) lumps the diffuse diode into one 
equivalent diode terminating at the center of the channel. 


CIN in Fig. 1(c) represents the gate-to-channel 
capacitance, and Rj and Rg represent the channel re- 
sistance. Rg is the leakage resistance associated with 
the substrate-to-channel equivalent diode D;. Leakage 
resistance across C]N was intentionally deleted because 
it is more than a Susana orders of magnitude higher 
than Rg. In a typical RCA MOS field-effect transistor 
(e.g., 3N128), CiN is less than 5 picofarads. The 
channel resistance R, + Rog,which is a function of the 
applied bias, can range from 10? to 1019 ohms. Rg is 
also subject to variations determined by operating con- 
ditions, but can be assumed to be in the order of 109 
ohms. Thus, the application of a de potential between 
the gate and any other element results in practically all 
of this potential being applied across Cin: 


In a dual-gate MOS field-effect transistor, the oxide 
thickness of the C[V dielectric is about 600 angstroms. 
The dielectric material is Si09, which has a breakdown 
constant of 5 x 106 volts per centimeter. The gate volt- 
age-handling capability is therefore 30 volts. A cross- 


SOURCE GATE DRAIN DRAIN 
Si Oo 
SE 2S 
r acs 
SOURCE 
SILICON 
(a) SUBSTRATE (b) 


GATE 


(Cc) 


Fig. 1 - Single-gate MOS field-effect transistor: (a) structure; 


(b)electrical symbol; (c) simplified equivalent circuit. 


section of a typical RCA dual-gate device is shown in 
Fig. 2 (a), and its schematic symbol in Fig. 2(b). The 
substrate in this structure is internally tied to the 
source; this connection is also shown schematically 
by the dotted line in Fig. 1(c). 


GATE | GATE 2 DRAIN 
SOURCE RAIN 
S; 02 
GATE 2 
GATE | 
SOURCE 
\ SILICON 
SUBSTRATE 
(a) (b) 


Fig. 2 - Dual-gate MOS field-effect transistor: (a) structure; 
(b) electrical symbol. 


Static Discharge 


If the potential applied to an MOS transistor were 
entirely within the control of the circuit designer, there 
would be no need for gate protection. Unfortunately, 
designers do not have complete control of the MOS 
field-effect transistor environment and static potentials 
do accumulate. These high potentials can inadvertently 
be discharged through the device when it is handled 


during the equipment manufacturing cycle or by a re 
ceiving antenna associated with the end product in 
which the transistor is used. The more severe of these 
conditions, in terms of percentage of units that suffer 
damage, is probably the initial handling phase. 

Fig. 3 shows a simple equivalent circuit of a static 
discharge generator as it appears at the input of an MOS 
transistor. Eg represents the static potential stored in 
the static generator capacitor Cp. This voltage must be 
discharged through internal generator resistance Rg. 
Laboratory experiments have determined that a human 
body acts as a static (storage) generator with a capaci- 
tance Cp ranging from 100 to 200 picofarads and a re- 
sistance Rg greater than 1000 ohms. Although there is 


=~ Cop 


Es 
eves 


Fig. 3- Equivalent circuit of a static discharge generator. 


virtually no upper limit to the amount of static voltage 
that can be accumulated, repeated measurements suggest 
that the amount of potential stored is usually less than 
1000 volts. Experience has also indicated that the 
potential from a static discharge is more severe during 
transistor handling than when the device is installed in 
a typical application. In an rf application, for example, 
a static potential picked up by the antenna would tra- 
verse an input circuit that normally provides a large 
degree of attenuation to the static surge before it 
appears at the input of the rf amplifier. For this reason, 
the development of gate-protected MOS transistors con- 
centrated on the requirement that the devices be capa- 
ble of withstanding the static discharges likely to occur 
during handling operations. 


Gate-Protection Methods 


It has been established above that in terms of a 
static discharge potential it is reasonable to represent 
the MOS transistor as a capacitor, such as Cyn in Fig. 4. 
The ideal situation in gate protection is to provide a 
signal-limiting configuration that allows for a signal 
such as that shown in Fig. 4(a) to be handled without 
clipping or distortion. The signal-limiting devices 
should limit all transient responses that exceed the 
gate breakdown voltage, as shown in Fig. 4(b). One 
possible means of securing proper limiting is to place 
a diode in parallel with CinN, as shown in Fig. 4(c). 
Unfortunately, this arrangement causes several | unde 
sirable consequences. In terms of signal handling, 
the single diode clips the positive peaks of a sine wave 
such as that in Fig. 3(a) when the transistor is operated 
in the vicinity of zero bias. The 3N140 dual-gate MOS 
transistor, for example, is frequently operated with the 
rf signal superimposed on a slightly|Positive ‘‘bias”’ 
potential on gate No. 1. Furthermore, gate No. 2 of 
the 3N140 is designed to handle large positive and 
negative dc voltage swings from the agc loop. A single 
diode arrangement would render this device useless 
for this type of circuit. It is important, therefore, that 
the limiting device be an effective open circuit to 
any incoming signals through the amplitude range of 
such signals. The best available method for accom- 
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Fig. 4- Gate-protection requirements and two solutions. 


plishing this effective open circuit is the back-to-back 
diode arrangement pioneered by RCA and shown in Fi g.o(d). 


Ideally, the transfer characteristic of the protective 
signal-limiting diodes has an infinite slope at limiting, 
as shown in Fig. 5(a). Under these conditions, the 
static potential generator in Fig. 5(b) discharges 
through its internal impedance Rg into the load rep- 
resented by the signal-limiting diodes. The ideal 
signal-limiting diodes, with an infinite transfer slope 
(Rg =0), would then limit the voltage presented to the 
gates to its knee value, eg. The difference voltage 
E-eg =eg (where E is the static potential in the static 
generator, eq is the diode voltage drop, and eg is the 
voltage drop across the generator internal resistance) 
appears as anIR drop across Rg, the internal impedance 
of the generator. The instantaneous value of the diode 
current is then equal to eg/Rg. During handling, the 
practical range of this discharge varies from several 
milliamperes to several hundred milliamperes. 


(a) 


pete 
coh fe! 


e 
(b) 


Fig. 5- Transfer characteristic of protective diodes (a),and 
resulting waveforms in equivalent circuit (b). 
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Electrical Requirements 


The previous discussion points out that optimum 
protection is afforded to the gate with a signal-limiting 
diode that exhibits zero resistance (i.e., an infinite 
transfer slope and fast turn-on time) to all high-level 
transients. In addition, the diode ideally adds no 
capacitance or loading to the rf input circuit. 


The first phase in the development of gate-protected 
MOS field-effect transistors was, quite naturally, their 
construction in hybrid form. This form was used for 
initial measurements because it effectively enabled the 
physical separation of the diodes from the MOS pellet. 
This separation made it possible to measure the per- 
formance of the active device apart from the combined 
structure and thus obtain a more precise assessment of 
the loading effect of the diodes. The hybrid phase has 
now been followed by the development of monolithic 
gate-protected MOS field-effect transistors such as 
the RCA-40673. In this transistor, the diodes are an 
integral part of the MOS device and are internally con- 
nected as shown in Fig. 6. 


GATE | 


Fig. 6-Connection of integral protective diodes in 
dual-gate MOS transistor. 


Monolithic Gate-Protected MOS Transistors 


In the design of a monolithic diode-protected MOS 
transistor, several factors must be taken into account. 
(1) The high-frequency performance of the device must 
be comparable to that of available unprotected units. 
(2) The device must be designed so that no additional 
assembly cost is incurred. (3) The silicon area must be 
used efficiently to provide the maximum number of 
devices per semiconductor wafer. (4) The diodes must 
provide adequate protection against the transients ex- 
perienced primarily in handling but also when the 
transistor is finally installed in some piece of equip- 
ment. 


One approach to integrating protective diodes into 
an MOS transistor structure on one chip is shown in 
Fig. 7. In this approach, the silicon substrate required 
for an n-channel depletion-type MOS device is the 


GATE | 


TO GATE | SOURCE 


ORAIN 


starting material. The n-type wells are diffused into 
the silicon to provide pockets for the protective de 
vices. The surface concentration and depth of these 
wells are carefully controlled because both of these 
factors are important in determining diode charac- 
teristics. 


The p*ttype regions are diffused into the n-type 
wells to form the diodes and around the periphery to 
isolate the diode structure from the surface of the MOS 
device and to provide a region into which the channels 
may be terminated. The sizeof the diodes is determined 
by the desired current-handling capability and the 
amount of capacitance that can be tolerated across the 
gate of the MOS transistor. The spacing of the diodes 
is determined by the area available and the desired 
amount of control of transistor action from diode to 
diode. After the diode structures are formed, they are 
covered by a protective oxide. The MOS device is 
then fabricated by conventional means. 


Fig. 8 shows a photograph of a completed monolithic 
diode-protected dual-gate MOS transistor. In this structure, 


CONNECTING PADS FROM 
PROTECTIVE DIODES TO 
SOURCE 


Fig. 8- Completed monolithic diode-protected dual-gate 
MOS transistor. 


one of the diodesof eachpair has been located under the 
gate bonding pads. The small triangular metal pads 


GATE | $| 02 


TO GATE 2 


SILICON SUBSTRATE 


Fig. 7- Structure of MOS transistor chip including pro- 


tective diodes. 
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make contact with the second diode of each pair and 
connect it to the source metalization. In assembly, the 
source is shorted to the substrate so that a low-resis- 
tance path to ground is provided for the diodes. To 
ground the diodes under the second gate properly, it is 
necessary to break the metal of the first gate and ter- 
minate the first channel on the p*type guard band 
surrounding the diode structure of the second gate. 
This technique prevents spurious  source-to-drain 
current which could result from the open nature of 
the structure. 


Current-Handling Capability 


Fig. 9 shows a typical diode transfer characteristic 
measured with a one-microsecond pulse width at a 
4 x 10-3 duty cycle. The purpose of the protective 
diode is to limit the amplitude of the transient to a 
value that is below the gate breakdown voltage. Typ- 
ically, a dual-gate transistor has a gate-to-source 
breakdown voltage rating of 20 volts. The curves in 
Fig. 9 show that the transfer characteristic of the 
signal-limiting diodes will constrain a transient impulse 
to potential values well below this 20-volt limit even 
when the input surge is capable of delivering hundreds 
of milliamperes. 
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Fig. 9- Typical diode transfer characteristic measured 
with I-microsecond pulse width at 4x 10-3 duty cycle. 


The protection offered by the MOS signal-limiting 
diodes is more dramatically demonstrated when a gate- 
protected MOS transistor is compared to a high-frequen- 
cy bipolar device. A laboratory experiment in which a 
static charge was accumulated in a capacitor and dis- 
charged through a circuit configuration like the one 
shown in Fig. 3 demonstrated that the special signal- 
limiting diodes made the protected-gate MOS field- 
effect transistor less vulnerable to static discharge 
damage than the bipolar transistor by a factor greater 
than two. 


Input Capacitance and Resistance 


The curves of input capacitance and input resistance 
as a function of drain current in Fig. 10 represent 
average readings taken from ten hybrid devices with 
diodes first connected and then disconnected (the 
readings for all ten devices were remarkably close to 
the averages). The curves indicate that the diodes in- 
crease input capacitance by about 2.5 picofarads and 
decrease input resistance by about 200 ohms. 
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Fig. 10- Input resistance and capacitances as a function of 
drain current for hybrid structures with and without diodes. 


Power Gain and Noise Factor 


In the final analysis, the question that must be an- 
swered is how the addition of the protective signal- 
limiting diodes affects circuit power gain and noise 
factor. Performance data taken on the ten units de- 
scribed above in the typical rf test circuit shown in 
Fig. 11 are given in Table 1. Noise-factor values show 
an average degradation of 0.25 dB when the diodes are 
connected. The power-gain values show that the change 
in this characteristic is insignificant. 


Table 1- Power Gain and Noise Factor at 200 MHz. 
HYBRID POWER GAIN NOISE FACTOR 
UNIT (dB) (dB) 
DIODES DIODES 
REMOVED 


REMOVED 


1 3.7 3.4 
2 2.4 y Be 
3 x P| 3.0 
4 3.9 3.4 
5 2.6 2.4 
6 2.8 r 4h 
7 3.3 3.2 
8 2.9 2.6 
9 2.4 2.3 
10 x PP 3.0 
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FERRITE BEADS —— 
(SEE PARTS LIST) / 


INPUT ; (SOLDER -IN) 


a BORE. 
waite 


R3 


Cy: 100 picofarads, ceramic disc 
Cg C7 Cg Cg Cy: 1000 picofarads, feed-through type 
C3: 1 to 10 picofarads, variable air (piston); 

JFD VAM-010, Johnson Co. No. 4335)! or equivalent 
C4: 1.8 to 8.7 picofarads, variable air; 

Johnson Co. No. 160-104 or equivalent 
Cs: 3 picofarads, tubular ceramic 
Cg: 22 picofarads, ceramic disc 
Cy: 1.5 to 5 picofarads, variable air; 

Johnson Co. No. 160-102 or equivalent 

Cy9: 100 picofarads, ceramic disc 
C13: 1.5 picofarads, tubular ceramic 


Cy4: 0.8 to 4.5 picofarads, variable air (piston); 
Erie 560-013 or equivalent 


Y TEST POINT 
FOR AGC VOLTMETER 


| 
| 
| 
| 
| 
| 
C\2(SOLDER- | 
IN) | 

| 
| 
| 
| 
| 
| 
| 
| 
| 
| 


Ferrite 4beads on No. 24 wire between L] and socket; beads 
©acs: are Pyroferrio Co. ‘*Carbonyl J’ or equivalent: 
0.093-inch OD, 0.03-inchID, 0.063 inch thick 

Ly: 4 turns 0.020-inch copper ribbon, silver-plated, 0.075 to 
0.085 inch wide, 0.25-inch inside diameter, coil 
approximately 0.80 inch long 

Lg: 4.5 turns 0.020-inch copper ribbon, silver-plated, 0.085 to 
0.095 inch wide, 0.3125-inch inside diameter, coil approxi- 
mately 0.90 inch long 


Q,: MOS transistor under test Rg: 36,000 ohms 


RFC: Ohmite part No. 2235 R4: 1800 ohms 

or equivalent Rs: 275 ohms, % watt, 1% 
Rj: 27,000 ohms Re: 120,000 ohms 
Rg: 47,000 ohms R7: 1000 ohms 


Fig. 11-RF test circuit for dual-gate MOS transistors. 


Conclusions 


Gate-protected dual-gate MOS field-effect transistors 
such as the RCA-40673 make available to the circuit 
designer a device capable of good rf performance with- 
out the hazards previously associated with the handling 
and installation of MOS devices. Moreover, the gate 
protection is provided by signal-limiting diodes that do 
not significantly compromise dynamic range, noise fac- 
tor, or power gain. 
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RF Applications of the 
Dual-Gate MOS FET up to 500 MHz 


by L. S. Baar 


The RCA dual-gate protected, metal-oxide silicon, 
field-effect transistor (MOS FET) is especially useful for 
high-frequency applications in RF amplifier circuits. The 
dual-gate feature permits the design of simple AGC circuitry 
requiring very low power. The integrated diodes protect the 
gates against damage due to static discharge that may develop 
during handling and usage. This Note describes the use of the 
RCA-3N200 dual-gate MOS FET in RF applications. The 
3N200 has good power gain and a low noise factor at 
frequencies up to 500 MHz, offers especially good cross- 
modulation performance, and has a wide dynamic range; its 
low-feedback capacitance provides stable performance 
without neutralization. 


Gate-Protection Diodes 

Fig. 1 shows the terminal diagram for the 3N200. 
Gate No. 1 is the input signal electrode and Gate No. 2 
is normally used to obtain gain control. The back-to-back 
diodes are connected from each of the gates to the 
source terminal, lead No. 4. If short duration pulses 
greater than +10 volts, generated for example by static 


discharge, are inadvertently applied to either gate, the 
protective diodes limit these voltages and shunt the current 


to the source terminal. Thus the gates, under normal 
operating conditions, are protected against the effects of 
overload voltages. | 


LEAD 1 - DRAIN 

LEAD 2 - GATE NO. 2 

LEAD 3 - GATE NO. 1 

LEAD 4 - SOURCE, SUBSTRATE, 
AND CASE 


Fig. 1 — Terminal diagram for the 3N200. 


Operating Conditions 

Typical two-port characteristics at 400 MHz including 
both “‘y” and “‘s” parameters, are given for the 3N200 in the 
RCA technical bulletin, File No. 437. This note makes use of 
the “‘y’ parameters; however, designers who prefer the 
alternate method can, by parallel analysis, make use of the 
“‘s” parameters. 

A recommended operating drain current (Ip) for the 
3N200 is approximately 10 milliamperes with Gate No. 2 
sufficiently forward biased such that a change in the bias 
voltage does not greatly affect the drain current. An 
adequate Gate No. 2-to-source voltage (VG2S) is approxi- 
mately +4 volts. The forward transadmittance (yfs) increases 
with drain current, but saturates at higher current levels. The 
increase in RF performance at drain currents above 10 
milliamperes is achieved only with less efficient use of input 
power. 

To establish the optimum operating conditions for a 
type, consideration must be given to the range of variations 
in characteristics values encountered in production quantities 
of the type.2 One important measure of type variation is the 
range of zero bias drain current (Ips). The current range 
given in the 3N200 technical bulletin for Ips is from 0.5 mA 
to 12 mA. A fixed bias condition intended to center the 
range of drain current at the desired level, still will produce 
an operating drain current range of 11.5 milliamperes with a 
resultant wide range of forward transconductance (gfs). The 
drain current can be regulated by applying dc feedback with 
a bypassed source resistor (RS). A good approximation of Rg 
(where IpQ > Ips/2) can be calculated by the use of the 
following formula*, assuming that VG1S vs. Ips is linear 
over the current range under consideration: 


1 Alps 


Rs © - | Boel 


gf(min.) AIpq 


*See Appendix 
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where: 
Alps is the current range given in the 3N200 technical 
bulletin 


AlIpa is the desired range of operating current 


gfs(min.) is the minimum forward transconductance 
at 1000 Hz 


With the value of Rs established, then the Gate-No. 1 
Voltage (VG1) can be calculated from the equation 


VG1 = VGis + IpQ Rs Eq. 2 
where VG1S is estimated by: 
Ipq -!ps 
VGiS ~ Eq. 3 
gfs(avg.) 
where: 


gf.(avg.) is the average forward transconductance 


To establish the Gate-No. 2 Voltage (VG2), follow the 
same procedure described for calculating the Gate-No. 1 
Voltage, except that a fixed VG25 of approximately 4 volts 
is adequate. 

If gain control is desired, apply a negative-going voltage 
to Gate No. 2. Because Gate No. 2 has little control in the 


voltage range of +2 to +5 volts, this characteristic may be 
used to effect AGC delay of the device in order to maintain 
the low noise figure until the RF signal is out of the noise-level 
range. 


Stability Considerations 


Typical “‘y” parameter data as a function of frequency 
are given in Table 1. Maximum available gain (MAG) cal- 
culated from these data are also included to indicate ideal 
gain performance (i.e., y,, = 0). The ability of the MOS FET 
to approach these gain levels depends on the device main- 
taining stable performance at the required operating fre- 
quency. 


There are several methods which may be used to test for 
gain vs. stability. One of these methods, the Linvill Criteria 
(C), is defined by the equation: 


soa 
geet ed ee Eq. 4 


28:5 Bos ~ R. (Vrs Vtg) 


A value for C which is less than 1 indicates uncondi- 
tional stability. Applying the 400-MHz values taken from 
Table 1 to the Linvill Criteria yields a value of C = 0.615; 
substantially less than the value indicating unconditional 
stability. 


CHARACTERISTICS SYMBOL FREQUENCY (MHz) UNITS 
100 200 300 400 500 


y Parameters 


Input Conductance Gis 
Input Susceptance Dis 
Magnitude of Forward Transadmittance | Yfs | 
Angle of Forward Transadmittance [Yts 
Output Conductance Gos 
Output Susceptance Dos 
Magnitude of Reverse Transadmittance | Yrs | 
Angle of Reverse Transadmittance LYrs 
Maximum Available Gain MAG 


0.25 0.8 2.0 3.6 6.2 mmho 
3.4 5.8 8.5 11.2 1&5 mmho 
15.3 45:3 15.4 155 16.3 mmho 
-15.0 -25.0 -35.0 -47.0 -60.0 degrees 
0.15 0.3 0.5 0.8 1.1 mmho 
1.5 atl 3.6 4.25 5.4 mmho 
0.012 0.025 0.06 0.14 0.26 | mmho 
60.0 -25.0 0 14.0 20.0 degrees 

32.0 24.0 17.5 13 10.0 dB 


Table 1 — “y”’ Parameters from 100 to 500 MHz 


The following equation for Maximum Usable Gain 
(MUG)3 is: 


2K | vis | 
MUG = ———_——_- Eq. 5 
[yrs | (1 + cos 6) 


where: 
06 = yp, + Ly, 
K = skew factor 
Ly; = angle of reverse transadmittance 


Ly¢, = angle of forward transadmittance 


The skew factor, introduced in this equation, is a safety 
measure that establishes an arbitrary degree of skewing in the 
frequency response which may be introduced by regenera- 
tion. A value of 0.2 for K has been established on the basis of 
past experience. The value of MUG calculated at 400 MHz is 
13.8 dB. This value of MUG is greater than the value of 
MAG, again indicating unconditional stability, since MAG, 
ignoring inherent feedback, is the conjugately matched gain. 
Therefore, neutralization or circuit loading is not required to 
insure stable performance, and the gain can approach MAG, 
limited only by circuit losses. 


Reverse transadmittance (y;s) is composed of several 
components, but the major ones are feedback capacitance 
(Crss) and source-lead inductance (Ls). Therefore, care must 
be exercised in the application of the y;s values, shown in 
Table 1, at the upper end of the usable frequency range. The 
3N200 utilizes a JEDEC TO-72 package that has 4 leads. The 
data in Table 1 was compiled with the use of a socket which 
contacts the leads of the 3N200 as close as possible to the 
bottom of the package as specified by the JEDEC Standard 
Proposal SP-1028 “Measurement of VHF-UHF “y” Para- 
meters’. The leads are shielded from each other to eliminate 
stray capacitance between the leads, but some lead induct- 
ance is inevitable. If the device is soldered directly to the 
circuit components using commercial production techniques 
rather than by precise laboratory methods, then additional 
source lead inductance can be expected. Also, some 
additional capacitive coupling may result if the input and 
output circuits are not completely isolated from each other. 

Because the published yys value for the 3N200 is very 
small, the circuit yrs values may differ significantly from the 
Yrs Values shown in Table 1 and hence, may result in an 
unstable operating condition. It is impossible to provide data 
for all possible mounting combinations, therefore, a recom- 
mended mounting arrangement is shown in Fig. 2. The 
source and substrate in the TO-72 package of the 3N200 are 
internally connected to lead No. 4 and the case. The 
source-lead inductance can be reduced, if the case is used as 
the source connection. Fig. 2 illustrates a partial component 
layout in which the case is held by a clamp or other fingered 
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device. The clamp is soldered to a feedthrough capacitor to 
provide an effective, very-low inductance bypass to RF 
signals. This mounting arrangement still permits the use of a 
source resistor for DC stability, and enables the case to 
provide isolation between the input and output circuit in 
addition to the isolation afforded by the shield. 


TUNING 
CAPACITOR Co 


FEED THROUGH 
CAPACITOR C 


INPUT BNC JACK 


TOP VIEW 


SHIELD 


TUNING 
CAPACITOR Co CLAMP 


FEEDTHROUGH 
Hak aco CAPACITOR C7 


SIDE VIEW 


Fig. 2— Partial component layout of 400-MHz amplifier 
circuit 


The reduction of source-lead inductance provides in 
addition to greater stability, a lower input and output 
conductance. Table 2 shows the differences in “y” parameter 
values at 400 MHz when measured with the source con- 
nection made to lead No. 4 (in accordance with the 
published data for the 3N200) and when measured with the 
case connected directly to the ground plane of the test jig. 
The magnitude of reverse transadmittance is halved with a 
significant change in its phase angle. The input conductance 
isreduced by 30%, and the output conductance is reduced by 
13%. A recalculation of the expressions for MAG, MUG, and 
Linvill Criteria (C) shows a significant improvement in gain 
and circuit stability. 

While it is difficult to provide accurate information on 
the effects of shielding between the input and output 
circuits, its effect can be demonstrated when all other 
feedback components have been reduced to negligible values. 
The circuit, shown in Fig. 3 (for component layout see Fig. 
2), was measured both with and without a shield. The 
maximum gain, without the shield, averaged 0.8 dB lower 
than with the use of the shield. 

When receiver sensitivity is an important consideration 
in the design of an RF amplifier, a compromise must be 
made in the circuit power gain to achieve a lower noise 
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Maximum Available Power Gain 
Maximum Usable Power Gain (unneutralized) 
Linvill Stability Factor, C 
“y’’ Parameters 


Input Conductance 


Input Susceptance 


Magnitude of Forward Transadmittance 


Angle of Forward Transadmittance 


Output Conductance 


Output Susceptance 


Magnitude of Reverse Transadmittance 


Angle of Reverse Transadmittance 


CHARACTERISTICS SYMBOL FREQUENCY (f) = 400 MHz 
Case 


Normal 


Connection Grounded 


mmho 


mmho 


mmho 


degrees 


mmho 


mmho 


mmho 


degrees 


Table 2 — “y” Parameters at 400 MHz with source connection to lead No. 4 and with case connected to ground plane 
of test jig 


factor. A contour plot of noise figure as a function of 
generator source admittance is shown in Fig. 4. Each contour 
is a plot of noise figure as a function of the generator source 
conductance and susceptance. Data for the noise figure were 
obtained from a test amplifier designed with very low 
feedback. Even though the area of very low-noise figure in 
the curves in Fig. 4 cover a broad range of source admittance, 
impedance-matching for maximum power gain could result in 


300 kQ 360 k2 820 kQ 500 pF L2 


Fig. 3 — 400-MHz amplifier circuit 


a relatively poor noise figure. As shown in Table 2, the input 
conductance (gis) with the case grounded is 2.5 mmho. With 
the reactive portion tuned out, the noise factor at power 
matched conditions is almost 1 dB higher than the optimum 
noise figure. However, matching to 5.0 mmho results 
in a near optimum noise factor with a loss of only 0.5 dB in 
gain. In addition, impedance matching to high conductance 


FREQUENCY (f)=400MHz 
AMBIENT TEMPERATURE (T,)=25°C 


GENERATOR SOURCE CONDUCTANCE (gj,)— mmho 


=22.9 =—20 =—|75  »—15 .-12:5. —jO —7 9 es yo ie) 
GENERATOR SOURCE SUSCEPTANCE (b;,) — mmho 


Fig. 4 — Noise factor vs. generator source (input) admittance 
(Vis) 


new OA 


also benefits crossmodulation performance, as will be dis- 
cussed in a later section. 


Gate Protection Diodes 

The diodes incorporated into RCA dual-gate MOS 
FETs, for gate protection, have been designed to minimize 
RF loading on the input circuits. The small amount of RF 
loading results in only a fraction of a dB loss in power gain 
and a negligible increase in the noise figure. The advantages 
of diode protection, greatly outweigh the slight loss in power 
gain, especially in an RF amplifier intended for the input 
stage of a receiver. 

In addition to the protection afforded in normal 
handling, the diodes also provide in-circuit protection against 
events such as: static discharge due to contact with the 
antenna, delay in transmit-receive switching, or connection 
of an antenna with an accumulated charge to the receiver. 


Crossmodulation 

Crossmodulation is an important consideration because 
it is an inherent device characteristic where circuit considera- 
tions are secondary. Crossmodulation is the transfer of 
modulation from an undesired signal on a desired signal 
caused by the non-linear characteristics of a device. 

Crossmodulation is proportional to the third-order term 
of the expansion of the Ip - VGs curve. It is normally 
specified as the undesired signal voltage required to produce 
a crossmodulation factor of 0.01. The crossmodulation 
factor is defined as the percent modulation on a desired 
carrier by the modulated undesired signal divided by the 
percent modulation of the undesired signal.4 

Inspection of the Ip - VGjs curve of Fig. 5 offers an 
insight to the possible crossmodulation as a function of 
gain-reduction performance. When both channels of the 
3N200 are fully conducting current, as shown by the VG2s = 
4-volt curve, the device approximately follows a square-law 
characteristic. If the Ip - VG 1S curve was ideal, the 
third-order term would be zero; but in practical cases, the 


AMBIENT TEMPERATURE (Ta)=25°C 
DRAIN — TO-SOURCE VOLTS (Vpg)=!5 


DRAIN CURRENT (Ip) —mA 


GATE No.l-TO-SOURCE VOLTAGE (Vg;s)— V 


Fig. 5 — Drain current (Ip) vs. gate No. 1-to-source voltage 


(VG1s) 


third-order term and crossmodulation have some low values. 
When the gain is reduced, by the application of bias to Gate 
No. 2, the square-law characteristic changes to a curve with a 
knee. Sharp curvatures usually result in larger high-order 
terms and poorer crossmodulation performance can be 
expected at lower gain conditions. If in Fig. 6, Circuit A, we 
assume a fixed bias (VG1S) of approximately +0.4 volt, then 
the expected variation in crossmodulation is determined at 
the points where the ordinate at VGjs = +0.4 volt crosses 
the curves. Crossmodulation performance at values of VG25 
= +4 volts to cutoff is as follows: good (low crossmodula- 
tion) at +4 volts, poorer at +2 volts, poorest at +1 volt, and 
again improves from zero volts to cutoff. 


Yop Vop Vop 


VOLTS 


CIRCUIT A 


CIRCUIT B 


CIRCUIT C 
Fig. 6 — Biasing circuits using the 3N200 


Curve A, Fig. 7 shows a curve of the undesired signal 
with a crossmodulation factor of 0.01 as a function of gain 
reduction. The curve indicates performance is poorest when 
gain reduction is in the 3- to 15-dB region; this region repre- 
sents a Gate No. 2-voltage range of approximately 0.5 volt to 
2 volts. The exception to the poor crossmodulation perform- 
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Fig. 7 — Crossmodulation vs. gain reduction using biasing 
circuits shown in Fig. 6 
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ance in this range is the sharp peak which occurs at the 5-dB 
level and is due to a curve inversion that takes place just prior 
to the knee. Beyond the 15-dB level, crossmodulation 
generally shows an improvement. 

If Gate No. 1 is also reverse biased in conjunction with 
Gate No. 2 in the manner shown in Fig. 6, Circuit B, then the 
overall performance is poorer because the Gate No. 1 voltage 
will tend to follow the knee of each curve. This occurrence is 
evident in Fig. 7, Curve B. If Gate No. 1 is biased as shown in 
Fig. 6, Circuit C, the Gate No. 1-to-Source voltage intercepts 
the Gate No. 2 curves where the curvature is less severe, 
indicating as shown by Fig. 7, Curve C an improvement in 
crossmodulation performance. A further slight improvement 
is possible by the use of a higher initial operating drain 
current, which effectively moves the intercepts to the right 
on each curve. This improvement is indicated in Fig. 7, 
Curve D. 


The curves in Fig. 7 establish that the biasing 
arrangement which provides optimum crossmodulation 
performance is the one in which Gate No. 1 forward bias 
increases as Gate No. 2 controls the gain. This biasing 
arrangement is easily accomplished by the use of a fixed Gate 
No. 1 voltage and a source resistor. As the Gate No. 2 bias 
voltage reduces the drain current, there is also a decrease in 
source voltage and an increase in the Gate No. 1-to-Source 
voltage. The gate-to-source voltage ratings must not be 
exceeded under any circumstances. 


Summary 

An RF amplifier, ideally, should provide high gain, a 
low-noise figure, and low crossmodulation. The 3N200 offers 
a good compromise in providing these three features. As 
indicated in the section on “Stability Considerations” a 
mismatch at the circuit input to a higher conductance level, 
provides an improved noise figure. The same mismatch 
condition also improves crossmodulation performance. The 
input signal at the gate of the device, when mismatched as 
indicated above, is lower than if it is power matched. The 
same ratio applies to any undesired signal and, thus, reduces 
the possibility of crossmodulation interference. 


Appendix 
The drain current of a device is established by the 
relationship 


Ip = gfs Vois + Ips 


where: 
Ips = drain current 


at: 
VG1s=90, VG2s = +4 volts. 


If a source resistor is used, as shown in Fig. A1, the gate 
No. 1-to-source voltage is 


VGis=VcG1-IDRs 
then 


Ip = gs, (VG1-Ip Rs)+Ips_ or 


iy + —— 


1 Tee Rs 1+ BFs Rs 


Fig. Al — Bias circuit using the 3N200 


The typical curves in Fig. A2 show drain current vs. 
Gate No. 1-to-Source Voltage as a function of Ipg level. 
These curves are almost linear when the typical operating 
drain current is in the 10-milliampere region. For the 
remainder of the analysis a linear relationship will be 
assumed for the required range of quiescent current. The 
assumption of linearity dictates that gfs is a constant. 


The required range of drain current is Ip? - Ip1 


where 
Bfs Vol Ips (max.) 
Ip)=§ ——— + ——— 
1 + gf, Rg 1 + gf Rg 
&fs VG] Ips (min.) 
Sh eR Te 
1+ gf. Rs 1+, Rs 
Ips (max.) - Ips (min.) Alps 
Alny = 1p2 =1p}-= 4" 


1 + gf. Rg 1+ gp, Rs 


Solving the above equation for Rg gives 
(AIps/AIp) - 1 
Rs yg ae 1 
&fs 


where: 
Zfs is equal to the expected minimum value at the 
required Ip 


DRAIN CURRENT (Ip) —mA 


GATE No.|- TO- SOURCE VOLTAGE (Vgjs)—V 


Fig. A2 — Drain current vs. gate No. 1-to-source voltage 
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204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
205 
205 
205 
205 
205 
204 
204 
204 
204 


Type 
No. 


2N6292 
2N6293 
3N128 
3N138 
3N139 
3N140 
3N141 
3N142 
3N143 
3N152 
3N153 
3N154 
3N159 
3N187 
3N200 
101 
102 
103 
104 
105 
106A 
106B 
106C 
106D 
106E 
106F 
106M 
1060 
106Y 
107A 
107B 
107C 
107D 
107E 
107F 
107M 
1070 
107Y 
201 
202 
203 
204 
205 
370 
371 
410 
411 
413 
423 
431 
520 
521 
40022 
40050 
40051 
40080 
40081 
40082 
40084 
40108 
40109 
40110 
40111 
40112 
40113 
40114 


File 
No. 


542 
542 
309 
283 
284 
285 
285 
286 
309 
314 
320 
335 
326 
436 
437 
557 
557 
557 
557 
556 
555 
555 
555 
555 
555 
555 
555 
555 
555 
555 
555 
555 
555 
555 
555 
555 
556 
555 
557 
557 
557 
557 
556 
558 
558 
509 
510 
511 
512 
513 
558 
558 

69 

67 

67 
301 
301 
301 

40 

48 

48 

48 

48 

48 

48 

48 


Data- 
Book 


204 
204 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
204 
204 
204 
204 
204 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
205 
205 
205 
204 
206 
206 
206 
206 
206 
206 
206 


Type 
No. 


40115 
40208 
40209 
40210 
40211 
40412 
40213 
40214 
40216 
40231 
40232 
40233 
40234 
40235 
40236 
40237 
40238 
40239 
40240 
40242 
40243 
40244 
40245 
40246 
40250 


40250VI 


40251 

40254 
40266 
40267 
40279 
40280 
40281 

40282 
40290 
40291 

40292 
40294 
40295 
40305 
40306 
40307 
40309 
40310 
40311 

40312 
40313 
40314 
40315 
40316 
40317 
40318 
40319 
40320 
40321 
40322 
40323 
40324 
40325 
40326 
40327 
40328 
40329 
40340 
40341 
40346 


14 
112 
112 
112 

69 

75 

75 

46 

68 

68 

68 

70 

70 

70 
202 

14 
144 
144 
144 

78 

78 

78 

78 

78 

78 

78 

78 

78 

78 

78 

78 

78 

78 

78 

78 

78 

78 

78 

78 

14 

74 

74 
211 


Data- 
Book 


206 
206 
206 
206 
206 
206 
206 
206 
206 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
204 
204 
204 
204 
206 
206 
205 
205 
205 
205 
205 
205 
205 
205 
ALL 
205 
205 
205 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
ALL 
205 
205 
204 


Type 
No. 


40346V1 
40346V2 
40347 
40347VI 
40347V2 
40348 
40348V1 
40348V2 
40349 
40349VI 
40349V2 
40354 
40355 
40359 
40360 
40361 
40362 
40363 
40364 
40366 
40367 
40368 
40369 
40372 
40373 
40374 
40375 
40378 
40379 
40385 
40389 
40390 
40391 
40392 
40394 
40395 
40396 
40397 
40398 
40399 
40400 
40405 
40406 
40407 
40408 
40409 
40410 
40411 
40412 
40412VI 
40412V2 
40413 
40414 
40421 
40428 
40429 
40430 
40431 
40432 
40439 
40440 
40446 
40458 
40462 
40467A 
40468A 


File 
No. 


211 
211 
88 


14 
219 
219 
219 
219 
219 
219 
211 
211 
211 

14 

14 
115 
115 
351 
351 
477 
477 
205 
205 
301 

14 
220 
324 
323 


331 


Data- 
Book 


204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
ALL 
ALL 
ALL 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
206 
206 
204 
204 
204 
204 
204 
204 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
204 
204 
204 
204 
204 
204 
204 
204 
204 
ALL 
ALL 
204 
206 
206 
206 
206 
206 
204 
204 
205 
ALL 
204 
201 
201 


332 


Type 
No. 


40485 
40486 
40502 
40503 
40504 
40505 
40506 
40507 
40508 
40509 
40510 
40511 
40512 
40513 
40514 
40519 
40525 
40526 
40527 
40528 
40529 
40530 
40531 
40532 
40533 
40534 
40535 
40536 
40537 
40538 
40539 
40542 
40543 
40544 
40553 
40554 
40555 
40559A 
40575 
40576 
40577 
40578 
40581 
40582 
40583 
40594 
40595 
40600 
40601 
40602 
40603 
40604 
40605 
40608 
40611 
40612 
40613 
40616 
40618 
40621 
40622 
40623 
40624 
40625 
40626 
40627 


File 
No. 


352 
352 
351 
351 
266 
266 
266 
265 
265 
352 
352 
477 
477 
244 
244 

14 
470 
470 
470 
470 
470 
470 
470 
470 
470 
470 
470 
470 
302 
302 
303 
304 
304 
303 
306 
306 
306 
323 
300 
300 
297 
298 
301 
301 
329 
358 
358 
333 
333 
333 
334 
334 
389 
356 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 
358 


Data- 
Book 


206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
204 
204 
ALL 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
204 
204 
204 
204 
204 
204 
206 
206 
206 
201 
206 
206 
205 
205 
205 
205 
206 
204 
204 
201 
201 
201 
201 
201 
205 
205 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 


Type 
No. 


40628 
40629 
40630 
40631 
40632 
40633 
40634 
40635 
40636 
40637 
40638 
40639 
40640 
40641 
40642 
40643 
40644 
40654 
40655 
40656 
40657 
40658 
40659 
40660 
40661 
40662 
40663 
40664 
40665 
40666 
40667 
40668 
40669 
40671 
40672 
40673 
40680 
40681 
40682 
40683 
40684 
40685 
40686 
40687 
40688 
40689 
40690 
40691 
40692 
40693 
40694 
40695 
40696 
40697 
40698 
40699 
40700 
40701 
40702 
40703 
40704 
40705 
40706 
40707 
40708 
40709 


File 
No. 


358 
358 
358 
358 
358 
358 
358 
358 
358 

14 
352 
352 
354 
354 
354 
354 
354 
496 
496 
496 
496 
496 
496 
459 
459 
459 
459 
375 
386 
386 
375 
364 
364 
459 
459 
381 
409 
409 
409 
409 
414 
414 
414 
414 
456 
456 
456 
431 
431 
406 
406 
406 
406 
406 
406 
406 
406 
406 
406 
406 
406 
406 
406 
406 
406 
406 


Type 
No. 


40710 
40711 
40712 
40713 
40714 
40715 
40716 
40717 
40718 
40719 
40720 
40721 
40722 
40723 
40724 
40725 
40726 
40727 
40728 
40729 
40730 
40731 
40732 
40733 
40734 
40735 
40737 
40738 
40739 
40740 
40741 
40742 
40743 
40744 
40745 
40746 
40747 
40748 
40749 
40750 
40751 
40752 
40753 
40754 
40755 
40756 
40757 
40758 
40759 
40760 
40761 
40762 
40766 
40767 
40768 
40769 
40770 
40771 
40772 
40773 
40774 
40775 
40776 
40777 
40778 
40779 


Data- 
Book 


206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 


Type 
No. 


40780 
40781 
40782 
40783 
40784 
40785 
40786 
40787 
40788 
40789 
40790 
40791 
40792 
40793 
40794 
40795 
40796 
40797 
40798 
40799 
40800 
40801 
40802 
40803 
40804 
40805 
40806 
40807 
40808 
40809 
40810 
40811 
40812 
40813 
40819 
40820 
40821 
40822 
40823 
40833 
40834 
40835 
40836 
40837 
40841 
40842 
40850 
40851 
40852 
40853 
40854 
40867 
40868 
40869 
40885 
40886 
40887 
40888 
40889 
40890 
40891 
40892 
40893 
40894 
40895 
40896 


File 
No. 


443 
443 
443 
443 
443 
443 
443 
487 
487 
487 
487 
487 
487 
487 
487 
457 
457 
458 
458 
457 
457 
457 
458 
458 
458 
459 
459 
459 
449 
449 
473 
473 
473 
473 
463 
464 
464 
465 
465 
496 
496 
496 
497 
497 
489 
493 
498 
498 
498 
498 
498 
501 
501 
501 
508 
508 
508 
522 
522 
522 
522 
522 
514 
548 
548 
548 


Type 
No. 


40897 
40898 
40899 
40900 
40901 
40902 
40909 
40910 
40911 
40912 
40913 
40916 
40917 
40918 
40919 
40920 
40921 
40922 
40923 
40924 
40925 
40926 
40927 
40934 
40935 
40936 
40937 
40938 
40939 
40940 
40941 
44001 
44002 
44003 
44004 
44005 
44006 
44007 
45190 
45191 
45192 
45193 
45194 
45195 
CA3000 
CA3000/1 
CA3000/2 
CA3000/3 
CA3000/4 
CA3000H 
CA3001 
CA3001/1 
CA3001/2 
CA3001/3 
CA3001/4 
CA3001H 
CA3002 
CA3002/1 
CA3002/2 
CA3002/3 
CA3002/4 
CA3002H 
CA3004 
CA3005 
CA3005H 
CA3006 


File 
No. 


548 
538 
538 
540 
540 
540 
547 
527 
527 
529 
529 
549 
549 
549 
549 
549 
549 
549 
549 
549 
456 
456 
456 
550 
550 
551 

94 

94 
552 
553 
554 
495 
495 
495 
495 
495 
495 
495 
559 
559 
559 
559 
559 
559 
121 
368 
368 
368 
368 
516 
122 
369 
369 
369 
369 
516 
123 
398 
398 
398 
398 
516 
124 
125 
516 
370 


Type 
No. 


CA3007 
CA3008 
CA3008A 
CA3010 
CA3010A 
CA3011 
CA3012 
CA3012H 
CA3013 
CA3014 
CA3015 
CA3015A 
CA3015A/1 
CA3015A/2 
CA3015A/3 
CA3015A/4 
CA3015H 
CA3015L 
CA3016 
CA3016A 
CA3018 
CA3018A 
CA3018H 
CA3018L 
CA3019 
CA3020 
CA3020A 
CA3020H 
CA3021 
CA3022 
CA3023 
CA3023H 
CA3026 
CA3026H 
CA3028A 
CA3028AH 
CA3028AL 
CA3028B 
CA3028B/1 
CA3028B/2 
CA3028B/3 
CA3028B/4 
CA3029 
CA3029A 
CA3030 
CA3030A 
CA3031/ 
702A 
CA3031/ 
702C 
CA3033 
CA3033A 
CA3033H 
CA3035 
CA3035H 
CA3035VI 
CA3036 
CA3037 
CA3037A 
CA3038 
CA3038A 
CA3039 
CA3039L 
CA3040 
CA3041 
CA3042 


File 
No. 


126 
316 
310 
316 
310 
128 
128 
516 
129 
129 
316 
310 
371 
371 
371 
371 
516 
515 
316 
310 
338 
338 
516 
515 
236 
339 
339 
516 
243 
243 
243 
516 
388 
516 
382 
516 
515 
382 
400 
400 
400 
400 
316 
310 
316 
310 


14 


14 
360 
360 
516 
274 
516 
274 
275 
316 
310 
316 
310 
343 
515 
363 
318 
319 


Data- 
Book 


201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 


ALL 


ALL 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 


Type 
No. 


CA3043 
CA3043H 
CA3044 
CA3044Y1 
CA3045 
CA3045/1 
CA3045/2 
CA3045/3 
CA3045/4 
CA3045H 
CA3045L 
CA3046 
CA3047 
CA3047A 
CA3048 
CA3048H 
CA3049 
CA3049H 
CA3050 
CA3051 
CA3052 
CA3053 
CA3054 
CA3054H 
CA3054L 
CA3058 
CA3059 
CA3059H 
CA3060AD 
CA3060BD 
CA3060D 
CA3060E 
CA3060H 
CA3062 
CA3064 
CA3065 
CA3066 
CA3067 
CA3068 
CA3070 
CA3071 
CA3072 
CA3075 
CA3075H 
CA3076 
CA3078AT 
CA3078H 
CA3078T 
CA3079 
CA3080 
CA3080A 
CA3080H 
CA3081 
CA3081H 
CA3082 
CA3082H 
CA3083 
CA3083H 
CA3084 
CA3084H 
CA3084L 
CA3085 
CA3085A 
CA3085B 
CA3085H 
CA3086 


File 
No. 


331 
516 
340 
340 
341 
401 
401 
401 
401 
516 
515 
341 
360 
360 
377 
516 
378 
516 
361 
361 
387 
382 
388 
516 
515 
490 
490 
516 
537 
537 
537 
537 
516 
421 
396 
412 
466 
466 
467 
468 
468 
468 
429 
516 
430 
535 
516 
535 
490 
475 
475 
516 
480 
516 
480 
516 
481 
516 
482 
516 
515 
491 
491 
491 
516 
483 


Data- 
Book 


201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 


Type 
No. 


CA3088E 
CA3089E 
CA30900 
CA3091D 
CA3093E 
CA3118AT 
CA3118T 
CA3146AE 
CA3146E 
CA3183AE 
CA3183E 
CA3458T 
CA3541D 
CA3558T 
CA3741CH 
CA3741CT 
CA3741L 
CA3741T 
CA3747CE 
CA3747CT 
CA3747E 
CA3747T 
CA3748CT 
CA3748T 
CA6741T 
CD2150 
CD2151 
CD2152 
CD2153 
CD2154 
CD2155D 
CD2200 
CD2200D 
CD2201 
€D2201D 
CD2202 
CD2202D 
CD2203 
CD2203D 
CD2204 
CD2204D 
CD2205 
CD2205D 
CD2300/ 
930 
CD2300D/ 
930 
CD2300E/ 


CD2301D/ 
961 
CD2301E/ 


CD2302D/ 
946 

CD2302E/ 
846 

CD2303/ 
949 

CD2303D/ 
949 


File 
No. 


560 
561 
502 
534 
533 
532 
532 
532 
532 
532 
532 
531 
536 
531 
516 
531 
515 
531 
531 
531 
531 
531 
531 
531 
530 
308 
308 
308 
308 
402 
403 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 


14 


14 


14 


ALL 


ALL 


Type 
No. 


CD2303E/ 
849 
CD2304/ 
945 
CD2304D/ 
945 
CD2304E/ 
845 
CD2305/ 
948 
CD2305D/ 
948 
CD2305E/ 
848 
CD2306/ 
932 
CD2306D/ 
932 
CD2306E/ 
832 
CD2307/ 
944 
CD2307D/ 
944 
CD2308D/ 
962 
CD2308E/ 
862 
CD2309/ 
963 
CD2309D/ 
963 
CD2309E/ 
863 
CD2310/ 
936 
CD2310D/ 
936 
CD2310E/ 


C€D2311D/ 
937 
CD2311E/ 
837 
CD2312 
CD2312D 
CD2312E 
CD2313 
C€D2313D 
CD2313E 
CD2314/ 
933 
CD2314D/ 
933 
CD2314E/ 
833 
CD2315 
CD2315D 
CD2315E 
CD2316 
CD2316D 
CD2316E 
CD2317 
C€D2317D 


File 
No. 


Data- 
Book 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 
ALL 


ALL 
ALL 


Type 
No. 


CD2317E 
CD2318 
CD2318D 
CD2318E 
CD2500E 
CD2501E 
CD2502E 
CD2503E 
CD4000AD 
CD4000AE 
CD4000AH 
CD4000AK 
CD4001AD 
CD4001AE 
CD4001AH 
CD4001AK 
CD4002AD 
CD4002AE 
CD4002AH 
CD4002AK 
CD4006AD 
CD4006AE 
CD4006AH 
CD4006AK 
CD4007AD 
CD4007AE 
CD4007AH 
CD4007AK 
CD4008AD 
CD4008AE 
CD4008AH 
CD4008AK 
CD4009AD 
CD4009AE 
CD4009AH 
CD4009AK 
CD4010AD 
CD4010AE 
CD4010AH 
CD4010AK 
CD4011AD 
CD4011AE 
CD4011AH 
CD4011AK 
CD4012AD 
CD4012AE 
CD4012AH 
CD4012AK 
CD4013AD 
CD4013AE 
CD4013AH 
CD4013AK 
CD4014AD 
CD4014AE 
CD4014AH 
CD4014AK 
CD4015AD 
CD4015AE 
CD4015AH 
CD4015AK 
CD4016AD 
CD4016AE 
CD4016AH 
CD4016AK 
CD4017AD 
CD4017AE 


File 
No. 


14 

14 

14 

14 
392 
392 
392 
392 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 


334 


Type 
No. 


CD4017AH 
CD4017AK 
CD4018AD 
CD4018AE 
CD4018AH 
CD4018AK 
CD4019AD 
CD4019AE 
CD4019AH 
CD4019AK 
CD4020AD 
CD4020AE 
CD4020AH 
CD4020AK 
CD4021AD 
CD4021AE 
CD4021AH 
CD4021AK 
CD4022AD 
CD4022AE 
CD4022AH 
CD4022AK 
CD4023AD 
CD4023AE 
CD4023AH 
CD4023AK 
CD4024AD 
CD4024AE 


File 
No. 


517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
479 
479 
517 
479 
503 
503 


Data- 
Book 


203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 


Type 
No. 


CD4024AH 
CD4024AK 
CD4024AT 
CD4025AD 
CD4025AE 
CD4025AH 
CD4025AK 
CD4026AD 
CD4026AE 
CD4026AH 
CD4026AK 
CD4027AD 
CD4027AE 
CD4027AH 
CD4027AK 
CD4028AD 
CD4028AE 
CD4028AH 
CD4028AK 
CD4029AD 
CD4029AE 
CD4029AH 
CD4029AK 
CD4030AD 
CD4030AE 
CD4030AH 
CD4030AK 
CD4032AD 


File 
No. 


517 
503 
503 
479 
479 
517 
479 
503 
503 
517 
503 
503 
503 
517 
503 
503 
503 
517 
503 
503 
503 
517 
503 
503 
503 
517 
503 
503 


Data- 
Book 


203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 


Type 
No. 


CD4032AE 
CD4032AH 
CD4032AK 
CD4033AD 
CD4033AE 
CD4033AH 
CD4033AK 
CD4038AD 
CD4038AE 
CD4038AH 
CD4038AK 
CH2102 
CH2270 
CH2405 
CH3053 
CH3439 
CH3440 
CH4036 
CH4037 
CH5320 
CH5321 
CH5322 
CH5323 
CR101 
CR102 
CR103 
CR104 
CR105 


File 
No. 


503 
517 
503 
503 
503 
517 
503 
503 
503 
517 
503 
469 
469 
469 
469 
469 
469 
469 
469 
469 
469 
469 
469 

84 

84 

84 

84 

84 


Data- 
Book 


203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
206 
206 
206 
206 
206 


Type File 
No. No. 
CR106 84 
CR107 84 
CR108 84 
CR109 84 
CR110 84 
CR201 86 
CR203 86 
CR204 86 
CR206 86 
CR208 86 
CR210 86 
CR212 86 
CR273/ 

8008 100 
CR274/ 

872A 100 
CR275/ 
866A/3B28 100 
CR280 86 
CR301 60 
CR302 60 
CR303 60 
CR304 60 
CR305 60 
CR306 60 
CR307 60 
CR311 60 
CR312 60 


Data- 
Book 


206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 


206 
206 


206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 


Type 
No. 


CR313 
CR314 
CR315 
CR316 
CR317 
CR321 
CR322 
CR323 
CR324 
CR325 
CR331 
CR332 
CR333 
CR334 
CR335 
CR341 
CR342 
CR343 
CR344 
CR351 
CR352 
CR353 
CR354 


HC1000 
HC2000 
HC3000 


60 
461 
506 
539 


Data- 
Book 


206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
206 
20€ 
206 
206 
206 
206 
206 
204 
204 
204 
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PLEASE NOTE: 


If you are presently receiving the RCA monthly announcement newsletter ‘‘What’s 
New In Solid State’, it is not necessary to send in this form... your name is 
already on the mailing list and a duplicate submission will only create problems. 


lf you purchased your DATABOOK(s) directly from RCA, it is not necessary to 
send in the form... your name was added to the newsletter mailing list at the time 
your purchase was recorded. 


If you are not presently receiving the newsletter and have obtained one or more 
DATABOOKS from a source other than RCA, please fill out just one copy of the 
following form, detach it, and mail to RCA: 


(a) from North and South America and Far East, mail to RCA Solid State Division, 
Box 3200, Somerville, N.J. 08876. 


(b) from United Kingdom, mail to RCA Limited, Lincoln Way, Windmill Road, 
Sunbury-on-Thames, Middlesex, England. 


(c) from Europe, Middle East and Africa, mail to RCA S/A Parc-Industriel des Hauts- 
Sarts, Herstal, Liege, Belgium. 


eee eee ee a a a Sn nn eee eon ens ase een A =_s_ ee 


coe," LAEBESISOS ES ES) 9S ES Sa 


(First) (Middle) (Last) 


ovo IEE EEE ne eee 


Address 
(Number) (Street, RFD, P.O. Box) 


FELT 1) CEE) 
Business L] : 


(Country) (Zip or Pst!. Zone) 
Job 


Function 


Product Area 
of Interest 


Company 


End Product —____eeSFSsSseseeeeeFeeeeeSeSeSeeEeeeeeeeeeseseeeeeseeEeEeeeEeEee 
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| ete 
RCA |Solid State Division|Somerville, 


A ae 1 
7 


